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SUMMARY
The Hydros on system  i s  a novel c lean in g  system  which has re c e n tly  
been adopted  to  so lv e  c lean in g  problems in  many in d u s t r ie s ,  p a r t i c u la r ly  
in  m etal f in i s h in g . Although e f f e c t iv e  th e  fundam ental p r in c ip le s  and 
mode o f  a c tio n  o f  th e  p rocess a re  n o t f u l ly  understood .
In  th i s  work, th e  Hydros on system  was q u a n t i ta t iv e ly  e va lu ed  and
compared w ith  o th e r  methods o f  c lea n in g . F u r th e r , th e  mechanism o f
c lean in g  was s tu d ie d  and was shown to  be due to  th e  sco u rin g  a c t io n
produced by th e  impingement o f  th e  h igh  p re s su re  j e t s  on th e  contam inated
s u rfa c e . The r a te  o f  c lean in g  was comparable w ith  u l t r a s o n ic  c lean in g
_2
a t  a frequency o f  13 KHz and in te n s i ty  o f  520 Wm .
The e f f e c t  o f  Hydroson a g i ta t io n  was s tu d ie d  on th e  e le c tro d e p o s it io n  
p rocess . u s in g  an a lk a l i  z in c  e le c t r o ly te  w ith  and w ith o u t a d d itio n  
ag en ts . Hydroson a g i ta t io n  reduced th e  d if fu s io n  la y e r  th ic k n e ss  a t  
th e  cathode to  a  s im i la r  va lu e  compared w ith  u l t r a s o n ic  a g i ta t io n ,  
and gave many b e n e f ic ia l  e f f e c t s  on th e  p ro p e r tie s  o f  b o th  th e  e le c t r o ly te  
and th e  d e p o s it .  I t  reduced ca th o d ic  and anodic p o la r iz a t io n ,  in c re a se d  
th e  ca th o d ic  c u rre n t e f f ic ie n c y  and maximum c u rre n t d e n s ity , thus 
a llow ing  good q u a l i ty  d e p o sits  to  be o b ta in ed  even a t  h ig h e r  c u rre n t 
d e n s i t ie s .
The d e p o s it from th e  z in c a te  b a th  w ith o u t a d d itio n  ag en ts  was le s s  
porous, had a f in e r  c r y s t a l l i t e  s t r u c tu r e  and was h a rd e r  th an  th o se  
formed from s o lu tio n s  w ith  no a g i ta t io n ,  w ith  m agnetic s t i r r i n g  to  g ive  
a flow r a te  o f  20 cm s " ^ , o r  w ith  u l t r a s o n ic  a g i ta t io n .  In  th e  z in c a te  
b a th  w ith  a d d it io n  ag en ts , Hydroson and u l t r a s o n ic  a g i ta t io n  in c re a se d  
th e  h a rd n ess , b u t reduced th e  b r ig h tn e ss  o f  th e  d e p o s it . Hydroson 
a g i ta t io n  was a lso  shown to  in c re a se  th e  r a te  o f  e l e c t r o l y t i c  recovery
xi
o f  z inc  m etal from d i lu te  z in c a te  s o lu tio n s  by 3-4 fo ld  compared w ith  
m agnetic s t i r r i n g .  The flow  v e lo c i ty  o f  s o lu t io n  ac ro ss  a su rfa c e  in  
th e  c e n tre  o f  th e  Hydroson tank  was determ ined by a th e o r e t ic a l  and 
experim ental approach and was found to  be approxim ately  1 .2  ms
INTRODUCTION
The prim ary aim o f  th i s  p ro je c t  was to  in v e s t ig a te  th e  mechanism o f  
Hydrosonic c lean in g  and th en  s tudy  th e  e f f e c ts  o f  Hydrosonic a g i ta t io n  
on th e  e le c tro d e p o s it io n  p ro cess .
The Hydroson c lean in g  system 1was developed in  1973 and i s  now 
e x te n s iv e ly  used  in  th e  m etal f in is h in g  in d u s try  f o r  a wide spectrum  o f  
c lean in g  o p e ra tio n s . As th e  name im p lie s , i t  i s  based  on th e  p ro d u c tio n  
o f  sound waves in  th e  c lean in g  media. A diagram  o f  an 80 l i t r e  Hydroson 
tank  i s  shown i n  f i g .  1. The system  i s  based  on the  c i r c u la t io n  o f  
con tinuously  f i l t e r e d  c lean in g  s o lu t io n  by means o f  a c o n tro l le d  m u ltis ta g e  
c e n tr i fu g a l  pump. The s o lu t io n  i s  pumped through a m anifo ld  system  f i t t e d  
w ith  g en era to rs  and back in to  th e  c lean in g  tan k .
The g en era to rs  co nvert v e lo c i ty  o f  th e  s o lu t io n  in to  a c o u s tic  energy
2and g ives a p u lsed  waveform in  th e  em itted  j e t .  I t  i s  thought th a t  th e
g en era to rs  produce ’pseudo-sound* r a th e r  th an  t ru e  sound. This p robab ly
occurs when th e  h igh  v e lo c i ty  j e t  o f  l iq u id  e n te rs  th e  tank  and g ives
»
h ig h  tu rb u len ce  and v o r t ic e s  in  th e  boundaiy la y e r  betw een th e  j e t
stream  and th e  s ta t io n a iy  l iq u id .  This a c tio n  c re a te s  an a re a  where la rg e
changes in  p re s su re  occur (pseudo-sound) which in  a d d itio n  g e n e ra te  t r u e
sound th a t  r a d ia te s  in to  th e  l iq u id  a t  sound v e lo c i ty .  A frequency 
a
a n a ly s is  has shown th a t  th e  g e n e ra to r produces freq u en c ies  v a ry in g  from
2 Hz to  20 KHz a t  a reaso n ab le  c o n stan t p re s su re  le v e l  and rang ing  beyond
50 KHz a t  reducing  p re s su re  le v e ls .  The p resen ce  o f  th e se  sound waves 
3-5,
i s  thought to  r e s u l t  in  c a v i ta t io n  in  th e  s o lu tio n  which in  tu rn  r e s u l t s  
in  a  m u lt id i re c t io n a l  sco u rin g  e f f e c t  on th e  su rfa ce  o f  th e  a r t i c l e s  be ing  
c lean ed . The sound in te n s i ty  gen era ted  by th e  in d iv id u a l no zz les  i s  
p ro p o r tio n a l to  th e  supply  p re s su re  to  th e  t h i r d  power. Hence f o r  th e
Hydroson 
jets
:
m. f i l ter
manifold centrifugal pump
Fig 1 An 80 li tre Hydroson tank
most e f f i c i e n t  c lea n in g , th e  minimum number o f  nozzles  to  g ive  a uniform  
coverage o f  th e  o b je c t should  be used  a t  th e  h ig h e s t p r a c t i c a l  p re s su re . 
Continuous ra p id  c i r c u la t io n  o f  th e  c lean in g  s o lu t io n  c o n s ta n tly  removes 
contam inant o r  s o i l  and makes a v a ila b le  f re s h  chem ical to  th e  newly 
exposed s u r fa c e . The app lica tions, o f  th e  system  a re  review ed in  th e  f i r s t  
c h ap te r in  s e c t io n  1 .3 .2 .
Although th e  p re se n t system  is  known to  be very  e f f e c t iv e  a t  a c c e le ra t in g  
th e  c lean in g  p ro c e ss , th e  mechanism i s  n o t known. I t  h a s , however, been 
su g gested  by th e  Design Council and th e  m anufacturers th a t  th e  a c tio n  i s  
s im i la r  to  u l t r a s o n ic  c lean in g  and produces c a v i ta t io n  a t  th e  su rfa c e  o f  th e  
a r t i c l e  be ing  c leaned . The e f f e c t  o f  c a v i ta t io n  and i t s  ro le  in  c lean in g  
a re  d iscu ssed  in  s e c tio n  1 .3 .3 .
B efore a d e ta i le d  s tudy  was undertaken  i t  was co n sid ered  th a t  th e  
f i r s t  p r i o r i t y  was to  determ ine w hether H y d ro s o n ic  a g i ta t io n  produced 
c a v i ta t io n  a t  th e  su rfa c e  o f  an o b je c t immersed in  th e  tan k .
The s im p le s t t e s t  to  d e te c t  c a v i ta t io n  in  a s o lu t io n  i s  to. immerse a
p ie ce  o f  supported  aluminium f o i l  and observe th e  tim e re q u ire d  fo r
p e rfo ra tio n s  to  appear. A g en era l ru le  6 i s  th a t  in  an a c t iv e ly  c a v i ta t in g
?u l t r a s o n ic  c lean in g  tan k , an average o f  10 h o les  p e r  6.45 cm (square  
inch) appear in  10 seconds in  f o i l  2.5 x 10 ^m th ic k . In  t h i s  work, a 
s in g le  th ick n ess  o f  aluminium f o i l  2 .0  x 10 ^m th ic k  was fo ld e d  over 0 .05  x 
0.05m sh ee ts  o f  perspex  to  p rov ide  r i g i d  specim ens. One specim en was 
suspended v e r t i c a l l y  0.02m above one o f  th e  tra n sd u ce r probes in  an 
u l t r a s o n ic  tank  (d esc rib ed  in  s e c tio n  3 .1 .3 ) .  At a tem peratu re  o f  
20° + 1°C a frequency o f  13 KHz and sound in te n s i ty  o f  250 Wm- ^ th e  f o i l  
was p e r fo ra te d  in  le s s  th an  30 seconds (see  f ig .  2 ). In  th e  Hydroson 
tan k , th e  f o i l  specimen was firm ly  h e ld  in  p o s i t io n  a t  th e  fo c a l  p o in t  
o f  th e  upper two j e t s ,  (0 .17 m from e i th e r  j e t ) ,  and a t  d is ta n c e s  down
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Fig 2. C avita tion  erosion of aluminium f o i l
to  0 .01  m from th e  n o zzle  o f  a  s in g le  j e t .  No p e r fo ra t io n  was observed
even a f t e r  60 m inutes immersion a t  a tem peratu re  o f  20 +_ 1°C. Because 
c a v i ta t io n  can occur more e a s i ly  a t  e le v a te d  tem p e ra tu res , th e  experim ent
was re p e a te d  a t  50°C and 80°C, b u t again  no p e r fo ra t io n  o f  th e  f o i l  was
observed.
A nother e f f e c t  o f  c a v i ta t io n  has been re p o rte d  by W alker and W alker 7
who found th a t  th e  hardness o f  copper sh e e t was in c re a se d  when su b je c te d
to  c a v i ta t io n  in  an u l t r a s o n ic  tan k . At a frequency o f  13 KHz and in te n s i ty  
3 -2o f  1 x 10 Wm th e  hardness va lue  in c re a se d  from 82 Hv to  94 Hv a f t e r  
60 m inutes and 112 Hv a f t e r  180 m inutes immersion. They su g gested  th a t  
t h i s  may be due to  w ork-hardening o f  th e  su rfa ce  by shock waves produced 
by c a v i ta t io n .
In  th i s  work, a  copper sh e e t was annealed  a t  650°C f o r  2 h rs  and immersed
in  w a ter a t  20° _+ 1°C in  th e  u l t r a s o n ic  tank  a t  a frequency o f  13 KHz and
_2
in te n s i ty  o f  520 Wm . The m icrohardness o f  th e  copper s h e e t was m easured 
w ith  an Akashi diamond in d e n to r m icrohardness t e s t e r  b e fo re  and a f t e r  
immersion and an average o f  te n  read ings was tak en . B efore immersion th e  
v a lu e  o f  m icrohardness was 59 Hv^qq ± 3, vM ch was in c re a se d  to  87 Hv^qq _+ 5 
a f t e r  immersion in  th e  u l t r a s o n ic  tank  fo r  180 m inutes. No in c re a s e  in  
th e  v a lu e  o f  m icrohardness was found, however, f o r  an annealed  copper sh e e t 
immersed in  th e  Hydroson tank  a t  20°C fo r  180 m inu tes.
I t  can th e re fo re  be concluded th a t  under th e se  c o n d itio n s  c a v i ta t io n  
does n o t occur a t  th e  su rfa c e  o f  an immersed o b je c t su b je c te d  to  H ydrosonic 
a g i ta t io n .  Hence i t  was necessa ry  to  in v e s t ig a te  how H ydrosonic a g i ta t io n  
g ives such a s ig n i f ic a n t  improvement in  c lean in g  e f f ic ie n c y . To do t h i s  
a com parative s tudy  was made o f  H ydrosonic and u l t r a s o n ic  c le a n in g , and 
th e  c lean in g  e f f ic ie n c y  and d i s t r ib u t io n  o f  c lean in g  a t  a  contam inated  
su rfa c e  were in v e s t ig a te d .
The recommended procedure  fo r  Hydroson c lean in g  i s  to  use  an 
a lk a l in e  c le a n e r  because i t  i s  cheap, has few to x ic i ty  problems and i s  
easy to  o p e ra te . As th e  work in  th i s  th e s is  re p o r ts  on th e  use  o f  th e  
Hydroson system  w ith  an a lk a l i  c le a n e r , th e  f i r s t  c h ap te r review s th e  
d i f f e r e n t  types o f  contam inant and p o s s ib le  c lean in g  p ro c e sse s . 
A p p lica tio n s  o f  th e  Hydroson system  in  th e  m etal f in is h in g  in d u s try  a re  
a lso  d iscu ssed , and d e ta i l s  a re  given about u l t r a s o n ic  a g i ta t io n  w ith  
which i t  has been compared. The methods used fo r  q u a n t i ta t iv e  e v a lu a tio n  
o f  c lean in g  e f f ic ie n c y  a re  a lso  review ed.
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CHAPTER 1 SURFACE CLEANING
1.1  In tro d u c tio n
Every a r t i c l e  must be c lean ed  a t  l e a s t  once during  th e  m anufacturing  
p ro c e ss . This i s  p a r t i c u la r ly  im portan t b e fo re  app ly ing  a su rfa c e  co a tin g  
such as p a in t ,  m etal e tc .  The c lean in g  medium norm ally  must be com patib le  
w ith  th e  m etal so th a t  th e  su rfa c e  i s  n o t chem ically  a tta c k e d . In  some 
c ircum stances, however, a c o n tro lle d  chem ical a t ta c k  i s  used to  p ro v id e  
th e  d e s ire d  su rfa c e  f in i s h .  Thus a s a t i n  o r  f r o s ty  appearance on aluminium 
may be o b ta in ed  by u s in g  a medium designed  to  remove th e  s o i l  and a lso  
uniform ly  e tch  th e  s u r fa c e . A co ld  s o lu tio n  must be used  o r  c a re  tak en  
to  p rev en t p a r ts  be in g  d is to r te d  in  h o t s o lu t io n  when c lean in g  p re c is io n  
assem blies c o n ta in in g  m etals w ith  d i f f e r e n t  c o e f f ic ie n ts  o f  expansion .
I f  heavy m etal p a r ts  a re  be in g  c leaned  in  a h o t s o lu t io n  th ey  must be 
immersed long enough to  a t t a i n  th e  tem peratu re  a t  which th e  s o i l  so f te n s  
o r  m elts  so  th a t  th e  c lean in g  i s  most e f f i c i e n t .
1 .2  Type o f  contam inant
The contam inant o r  s o i l  encountered  may o r ig in a te  from th e  m anufacturing  
p rocess e .g .  f lu x  re s id u e s , o r  from a c c id e n ta l h an d lin g , e .g .  f in g e r p r in t s .  
Temporary co a tin g s  a re  used  in  s e v e ra l  in d u s tr ie s  to  p re v e n t c o rro s io n  
during  t r a n s p o r t  o r  s to ra g e  and g re a se s , o i l s ,  lacq u e rs  a re  employed.
These may have to  be removed su b seq u en tly .
In  g en era l contam inants can be c l a s s i f i e d  in to  two b road  c a te g o r ie s ,  
o rg an ic  and in o rg an ic :
Organic
i )  S a p o n ifiab le  -  anim al and v eg e tab le  o i l
i i )  U nsapon ifiab le  -  m inera l o i l s  and waxes
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i i i )  M iscellaneous -  m e ta l l ic  soaps formed in  s i t u  o r  o rgan ic
in h ib i to r s  from c e r ta in  a c id  p ic k lin g  s o lu tio n s  which a re  
adsorbed on to  th e  m e ta l.
Ino rg an ic
i )  S ca le  and smut -  ox ide and m e ta l l ic  re s id u es
i i )  P o lish in g  compounds -  a b ra s iv e , g rin d in g  and p o lis h in g  re s id u es
i i i )  M iscellaneous -  shop s o i l s ,  so ld e r in g  f lu x , and r u s t
p re v e n ta t iv e s . O ther s o i l s  th a t  may be encountered  a re  f lu x , 
f in g e r p r in ts ,  and c lean in g  re s id u e s  such as w a te r in  o i l  em ulsions.
Of th e se  s o i l s ,  some o f  th e  most d i f f i c u l t  to  remove a re  r e s id u a l  
b u ff in g  compounds. Free f a t t y  a c id  in  th e  compound may r e a c t  w ith  th e  
m eta l to  foim  a m etal soap , which p rov ides a  s tro n g  bond between th e  s o i l  
and th e  s u b s t r a te .  The b u ff in g  compounds may a lso  become im pacted in to  
h o les  and c re v ic e s , and i f  th e  work i s  n o t c leaned  f a i r l y  soon a f t e r  
b u ff in g  th e  m a jo rity  o f  th e  e m u ls if ia b le  and s a p o n if ia b le  components 
evaporate  le av in g  i n e r t  d e p o s it which i s  very  d i f f i c u l t  to  remove. Hence 
th e  removal o f  b u ff in g  and p o lish in g  compounds i s  a good t e s t  f o r  a 
c lean in g  system .
When using  aqueous c lean in g  system s th e  hardness o f  th e  w a te r  i s  
an im p o rtan t c o n s id e ra tio n . I f  th e  w a te r i s  too  h a rd , th e  w e ttin g  a c t io n  
o f  su rfa ce  a c t iv e  agen ts may be reduced by the  fo rm ation  o f  in s o lu b le  
calcium  and magnesium s a l t s . Thus h a rd  w a te r shou ld  be p r e t r e a te d  w ith  
d e io n iz e rs  b e fo re  the  c lean e rs  a re  added.
1 .3  C leaning Processes
G enerally  th i s  invo lves immersion o f  th e  su rfa ce  in  th e  a p p ro p r ia te  
s o lv e n t . Spraying can a lso  be used and can in c re a se  th e  e f f ic ie n c y  o f  a  
c le a n e r  by up to  10 fo ld  compared w ith  a soak method. The immersion
p rocess can a lso  be a c c e le ra te d  by e le c tro c le a n in g  o r a g i ta t io n  w ith  
u ltra so u n d .
The c lean e rs  in c lu d e  o rg an ic  o r  e m u ls if ia b le  so lv en ts  and aqueous 
c lean in g  s o lu tio n s  such as a c id s , a lk a l ie s  and d e te rg e n ts . A lk a lin e  
c lean e rs  a re  w idely  used because they  can remove contam inants b u t do n o t 
a t ta c k  th e  exposed m eta l as much as ac id s  can. The a lk a l ie s  a re  cheap 
and t h e i r  d isp o sa l i s  easy .
1 .3 .1  A lk a li c lean e rs
These a re  th e  most commonly used type  o f  in d u s t r ia l  c le a n e rs . They 
a re  composed o f  h ig h ly  a lk a l in e  s a l t s  such as sodium hydrox ide , s i l i c a t e s  
and carbonates combined w ith  su rfa c e  a c t iv e  w e ttin g  a g e n ts , se q u e s te r in g  
agents and d is p e rsa n ts . C leaning i s  u s u a lly  c a r r ie d  o u t a t  e le v a te d  
tem peratu res (over 50°C) by e i t h e r  sp ray  soak o r  e le c tro - s o a k . A lk a lie s  
a re  g e n e ra lly  used to  remove o i l s ,  smuts and l i g h t  s c a le ,  b u t a re  
com paratively  i n e f f i c i e n t  a t  removing b u ff in g  compounds.
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There a re  f iv e  mechanisms invo lved  in  th e  o v e ra l l  c le a n in g  p ro cess  
o f  a lk a l i  c le a n e rs . These a re :
i )  W etting  iv ) P e p t is a t io n
i i )  Chemical r e a c t io n  v) D isso lu tio n
i i i )  E m u ls if ic a tio n
W etting  i s  th e  prim ary requ irem ent fo r  c lean in g  th e  s o i le d  a r t i c l e .  
I t  i s  th e  p ro cess  by which th e  c le a n e r  loosens th e  m etal -  s o i l  bond by 
d isp lacem ent o f  a i r  and the  low ering o f  su rfa ce  and i n t e r f a c i a l  
te n s io n s .
In  th e  chem ical re a c t io n  mechanism, components o f  th e  s o i l  r e a c t  
chem ically  w ith  th e  c le a n e r  s o lu t io n  to  produce w a te r so lu b le  r e a c t io n
p ro d u c ts . There a re  two main types o f  r e a c t io n , th e  f i r s t  i s  th e  
s a p o n if ic a t io n  ( a lk a l i  h y d ro ly s is )  o f  f a t t y  o i l s  to  produce carboxyl a te  
s a l t s ,  e .g .
rco2ch2 ch2ch
RC02CH + NaOH—>3RC0“Na+ + CH OH
rco2ch2 ch2oh
where R i s  a long chain  hydrocarbon.
The s a l t s  (soaps) gen era ted  norm ally  e x h ib it  a  c lean in g  a c tio n  
them selves and may c o n tr ib u te  to  th e  o v e ra l l  detergency  o f  th e  c lean in g  
system . They can, however, produce foaming in  th e  s o lu t io n ,  and to  p re v e n t 
th i s  foaming su p p resan ts  may be added to  th e  c le a n e r .
A nother type o f  chem ical r e a c t io n  i s  th a t  o f  th e  a lk a l i  w ith  s c a le  
and a c id ic  s o i l s  e .g .  f lu x  re s id u e s . The presence  o f  complexing agen ts  
(u su a lly  c h e la tin g  compounds) a lso  a s s i s t s  in  th e  d is s o lu t io n  o f  s c a le s  
in  a d d it io n  to  so f te n in g  h a rd  w a te r by complexing calcium  and magnesium io n s .
E m u ls if ic a tio n  i s  a p ro cess  by which one l iq u id  i s  d isp e rse d  as f in e  
d ro p le ts  w ith in  an o th er im isc ib le  l iq u id .  In  c lean in g  s o lu t io n s ,  o i l  i s  
removed from the  contam inated su rfa c e  to  produce an o i l - i n  w a te r  em ulsion.
I t  may be a s s i s te d  by th e  a d d itio n  o f  su rfa c e  a c tiv e  agen ts  ( s u r f a c t a n t s ) .
A s u r f a c ta n t  m olecule no im ally  has an io n ic  group a tta c h e d  to  a long  ch a in  
hydrocarbon. The m olecule i s  th e re fo re  h y d ro p h ilic  a t  one end and 
hydrophobic a t  th e  o th e r .  The hydrophobic ends a re  a t t r a c t e d  to  o rg a n ic  
m a te r ia l and can surround  p a r t i c l e s  o f  g rease  and o i l  d ro p s . The 
h y d ro p h ilic  ends have an a f f i n i t y  fo r  w a te r , so  th a t  o rg an ic  m a te r ia l  can
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be h e ld  in  s o lu t io n . A g ita tio n  a lso  a s s i s t s  in  th e  e m u ls if ic a tio n  p rocess  
because i t  b reaks up la rg e r  o i l  drops in to  sm a lle r  ones which a re  more 
e a s i ly  e m u ls if ie d .
The p e p t is a t io n  o r d e f lo c c u la tio n  mechanism concerns th e  m aintenance 
o f  f in e ly  d iv id ed  s o l id  p a r t i c l e s  in  s o lu t io n . I f  they  a re  allow ed to  
agglom erate they  may be re d e p o s ite d  on th e  c lean  s u r fa c e .
D isso lu tio n  o f  w a te r so lu b le  contam inants such as s a l t  from road  o r  
sea  sp ray  i s  a lso  im p o rtan t. The r a te  o f  d is s o lu t io n  may be in c re a se d  by 
r a i s in g  th e  tem peratu re  o r  a g i ta t io n  o f  the  s o lu t io n .
1 .3 .2  A p p lica tio n s  o f  H ydrosonic c lean in g
In  a d d itio n  to  a c c e le ra t in g  th e  c lean in g  p ro c e ss , an o th e r advantage 
o f  th e  Hydroson system  i s  the  e m u ls if ic a tio n  o f  o i l-b a s e d  contam inants 
w ith in  th e  Hydroson g e n e ra to rs , and th i s  m inim ises th e  o i l  s e p a ra t io n  on 
the  su rfa c e  o f  th e  tank  and p rev en ts  ’drag  th ro u g h ’ problem s. Because more 
d i lu te  c lean in g  so lu tio n s  can be used  i t  i s  a lso  p o s s ib le  to  make sav ings 
in  chem ical c o s ts  and e f f lu e n t  d isp o sa l.
In  some a p p lic a tio n s  the  use o f  th e  Hydroson system  w ith  a lk a l i  
c lea n e rs  has e lim in a te d  th e  n e c e s s i ty  fo r  a vapour deg reasin g  s ta g e .  The 
use o f  th e  Hydroson system  in  th e  r in s in g  s ta g e  has a lso  been  found to  
reduce the  w a te r  consumption by p ro v id in g  a much more e f f i c i e n t  s w i l l .  As 
w e ll as p rov ing  to  be a v e iy  ro b u s t system  f o r  in d u s t r ia l  a p p l i c a t i o n s , i t  
a lso  has th e  advantage th a t  i t  can be i n s t a l l e d  in to  e x is t in g  c lean in g  
in s ta l l a t io n s  w ith o u t th e  need f o r  m ajor m o d if ic a tio n s .
In  th e  r e la t iv e ly  sh o r t  tim e s in c e  i t s  developm ent, th e  Hydroson 
system  has been used f o r  th e  fo llow ing  a p p l ic a t io n s 1 :
i )  Removal o f  p o lish in g  compound
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i i ) Removal o f  o i l ,  g re a se , sw arf and g en e ra l s o i l s
i i i ) Removal o f  h e a t tre a tm e n t and quench o i l  d ep o sits
iv ) C leaning o f  z in c  based d ie  c a s t in g , b ra s s  and aluminium conponents
v) M aintenance c lean in g  p r io r  to  d ism an tlin g
v i) D egreasing p r io r  to  p la t in g
v i i ) C leaning o f  c a s tin g s  p r io r  to  assembly
v i i i ) Removal o f  a sb es to s  f ib r e s
ix ) Improving e f f ic ie n c y  o f  sp ray  w asher system s and r in s e  tanks
x) I n te r - s ta g e  c lean in g  o f  machine components
Of th e se  th e  removal o f  p o lis h in g  compounds i s  o f  p a r t i c u la r  
im portance because th e se  a re  d i f f i c u l t  to  remove by co n v en tio n al c lean in g  
p ro ced u res .
I n te r e s t in g  developments have been made re c e n tly  in  th e  c le a n in g  o f
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w ire  and continuous s t r i p  p r io r  to  p la t in g  an d /o r h e a t  tre a tm e n t. In  
t h i s  type o f  a p p lic a t io n , th e  w ire  o r  s t r i p  i s  c leaned  by p a ss in g  i t  
through th e  g e n e ra to r i t s e l f ,  which i s  s p e c ia l ly  designed  to  s u i t  th e  
m a te r ia l  and e x is t in g  p la n t .  The removal o f  drawing lu b r ic a n ts  and l i g h t  
s c a le  has been s u c c e s s fu lly  d e a l t  w ith  i n  th i s  way.
1 .3 .3  U ltra so n ic  c lean in g
As i t  has been suggested  by th e  Design Council t h a t  H ydrosonic a c tio n  
i s  s im ila r  to  th a t  o f  u l t r a s o n ic s ,  th e  l i t e r a t u r e  on u l t r a s o n ic  c lea n in g  
i s  review ed and th e  mechanism i s  d iscu ssed  in  some d e t a i l .
A ccording to  Geckle10, u l t r a s o n ic  c lean in g  i s  f a s t e r  than  any co n v en tio n a l 
c lean in g  method in  the  removal o f  s o i l  and con tam ination  from p a r t s  and in  
many cases i t  i s  th e  only way to  meet th e  re q u ire d  s p e c i f ic a t io n .  The 
e a r ly  u l t r a s o n ic  equipment was m anufactured fo r  the  e le c t r o n ic  in s tru m en t
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in d u s try . Problems a ro se , however, when la rg e  components were c lean ed  w ith  
th i s  d e l ic a te  equipment and th i s  r e s u l te d  in  a s c e p tic ism  th a t  took  many 
y ears  to  overcome. Modem improvements in  th e  p ro d u c tio n  o f  g en e ra to rs  
based  on s o l id  c i r c u i t r y  has enab led  th e  p ro d u c tio n  o f  more r e l i a b l e  u n i ts  
and th e se  a re  now w idely  used  f o r  i n d u s t r i a l ,  la b o ra to ry  and m aintenance 
c le a n in g .
11Lange has d iscu ssed  th e  advantages o f  u l t r a s o n ic  c lea n in g . He 
inc luded : -
i )  A re d u c tio n  in  labou r c o s t by avo id ing  bo th  th e  need to  d ism an tle  
th e  equipment and manual scrubb ing ,
i i )  The e lim in a tio n  o f  hazardous co n d itio n s  by u sin g  m ild  c le a n in g  
s o lu t io n s .
i i i )  An improvement in  th e  q u a l i ty  o f  work by removal o f  con tam ination  
th a t  p re v io u s ly  could  n o t be removed by o th e r  methods i . e .  
contam ination  in  b l in d  h o le s .
C a v ita tio n  i s  th e  most im portan t f a c to r  in  u l t r a s o n ic  c le a n in g . I t  
occurs when an u l t r a s o n ic  wave t r a v e ls  through a l iq u id  and th e  p a r t i c l e s  
in  th e  medium a re  su b je c te d  to  an a l te r n a t in g  a c o u s tic  p re s su re  R, which 
v a r ie s  s in u s o id a lly  accord ing  to  eq u a tio n  1 .1 . Thus th e  l i q u id  i s  compressed 
on th e  p o s i t iv e  h a l f  o f  th e  p re s su re , cy c le  and expanded on th e  n e g a tiv e  
h a l f  o f  th e  cy c le .
R = R s in  W ( t  -  x)   1 .1o —
where R 0 = o s c i l l a t i n g  a c o u s tic  p re s su re  am plitude
W = an g u lar frequency = 2rrf
t = tim e o f  a p p lic a tio n  o f  u ltra so u n d
X = i n i t i a l  d is ta n ce  o f  p a r t i c l e  from tra n sd u c e r
c = v e lo c i ty  o f  u ltra so u n d  in  th e  medium
13
Two types o f  c a v i ta t io n  can occu r, t ru e  (o r  vapour) and gaseous. True 
c a v i ta t io n  occurs when th e  n eg a tiv e  a c o u s tic  p re s su re  exceeds th e  cohesive 
fo rce  between th e  m olecu les, and c a v i t ie s  a re  formed. They expand during  
th e  n eg a tiv e  p a r t  o f  th e  p re s su re  cy c le  and c o lla p se  v io le n t ly  to  produce 
pow erful shock waves on th e  fo llow ing  com pressive h a l f  c y c le . Gaseous 
c a v i ta t io n  occurs in  l iq u id s  which c o n ta in  gas b u b b les. The s iz e  o f  th e  
bubble i s  im p o rtan t, and only  bubbles w ith  a rad iu s  below th e  c r i t i c a l  
va lue  r Q g iven  by eq u a tio n  1 .2  w i l l  c o lla p se  to  produce shock waves ( f ig .  3 ).
r o2 = 3 Y  (P + 2T r  _1)v o s o J
where Y = r a t i o  o f  th e  p r in c ip le  s p e c i f ic  h e a ts  o f  th e  gas co n ta in ed  in
th e  bubble .
PQ = h y d ro s ta t ic  p re s su re  in  th e  l iq u id  
Ts = su rfa c e  te n s io n  o f  th e  bubble 
p = d e n s ity  o f  th e  medium
BUBBLE
C O LLA PS IN G
SHOCK WAVE
F ig  3 A d iag ram atic  r e p re s e n ta t io n  o f  a c o lla p s in g  bubble
The p re s su re  in  a bubble p r io r  to  c o lla p se  has been m easured and found
12to  be in  excess o f  1000 atm ospheres. The energy re le a s e  from a s in g le  
c a v i ta t io n  bubble i s  extrem ely  sm a ll, b u t many m illio n s  o f  bubbles c o lla p se  
every  second, and th e  o v e ra l l  e f f e c t  produces shock waves and an in te n s iv e  
scrubb ing  a c tio n  on a su rfa c e  immersed in  th e  l iq u id .  I f  th e  energy 
in te n s i ty  i s  s u f f i c i e n t ly  h ig h , c a v i ta t io n  occurs th roughout th e  l iq u id  so 
th a t  u l t r a s o n ic s  i s  very  e f f e c t iv e  in  removing contam inant from h o les  
and sm all c re v ic e s .
The minimum energy re q u ire d  to  produce c a v i ta t io n  (c a v i ta t io n  th re sh o ld
13in te n s i ty )  i s  dependant on th e  frequency . Esche ( f ig .  4) showed th a t  fo r  
a l iq u id  a t  co n stan t tem pera tu re  th i s  energy le v e l  i s  lower a t  low freq u en c ies  
and in c re a se s  ra p id ly  w ith  frequency above 50 KHz. This su g g ests  t h a t  fo r  
maximum c a v i ta t io n  in te n s i ty ,  u l t r a s o n ic  c lean e rs  shou ld  be o p e ra ted  a t  
a low frequency. I f  th e  o p e ra tin g  frequency i s  w ith in  th e  a u d ib le  range 
n o ise  i s  a problem , so th a t  in  p r a c t ic e ,  in d u s t r ia l  c lea n in g  equipment 
u s u a lly  o p e ra tes  between 20 KHz and 50 KHz.
H
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F ig . 4. T hreshold  o f  c a v i ta t io n  in  w a te r a t  room te irp e ra tu re  (Esche1 ^ .
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There a re  th re e  im portan t mechanisms by which u l t r a s o n ic  a g i ta t io n  
can remove in s o lu b le  s o i l s  from a su rfa ce :
i )  C a v ita tio n  g ives an e ro s iv e  a c tio n  which i s  n ecessa ry  fo r
removal o f  chem ically  bonded s o lid s  such as oxide and s c a le .  The 
m olecu lar fo rce s  between th e  contam inant and th e  s u b s tr a te  can be 
broken by d i r e c t  shock o r  im pact from c a v i ta t io n  o r  by a fa t ig u in g  
a c tio n  caused by re p e a te d  bombardment. Once th e  m olecu lar a t t r a c t i o n  
o f  th e  s o i l  to  th e  su rfa ce  i s  broken, i t  can e a s i ly  be removed by 
r in s in g .
i i )  This mechanism i s  le s s  v igorous and i s  caused by th e  a c t io n  o f
o s c i l l a t i n g  permanent bubbles which form a t  o r  p e n e tra te  to  th e
in te r f a c e  between the  s o i l  and th e  su rfa c e  and cause a s t r ip p in g
14a c tio n . I t  i s  though t th a t  c a v i ta t io n  i s  p robab ly  n o t e s s e n t ia l  
f o r  s t r ip p in g  th e  im purity  la y e r ,  b u t th a t  i t  does n o t occur u n le ss  
c a v i ta t io n  has opened up m inute cracks in  th e  s o i l  to  a llow  i n i t i a l  
p e n e tra t io n  o f  th e  bu b b les,
i i i )  This mechanism invo lves th e  d isp e rs io n  o f  s o i l s  a tta c h e d  to  th e
s u r fa c e . In  an aqueous c lean in g  medium, o rg an ic  based  contam inants 
a re  p u lle d  in to  th e  c a v i ta t io n  v o id  and th en  em u ls if ie d  in to  th e  
s o lu t io n  by th e  r e s u l t in g  fo r c e s . ,
U ltra so n ic  a g i ta t io n  a lso  induces a n e t  flow o f  s o lu t io n  ac ro ss  an 
immersed s u r fa c e . This e f f e c t  i s  known as m icrostream ing , and h e lp s  to  
p ro v id e  a supply  o f  f re s h  c lean in g  s o lu t io n  to  th e  s u r fa c e .
C a v ita tio n  a lso  p rov ides a ra p id  in c re a se  in  th e  r a te  o f  s o lv a t io n
o f  so lu b le  contam inants. W ater a lone  may be e f f e c t iv e  i f  th e  contam inant
i s  w a te r so lu b le  b u t, i f  n o t, an a lk a l i  c le a n e r  o r o rg an ic  so lv e n t (u su a lly
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a h a lo gena ted  hydrocarbon) i s  n ecessa ry . Experim ental work has shown 
th a t  a so lv e n t w ith  a h igh  d e n s ity , low v is c o s i ty  and m iddle range su rfa c e
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te n s io n  and vapour p re s su re  g ives th e  most in te n s e  c a v i ta t io n .  The s a f e ty ,  
s im p lic i ty  o f  u se , lo n g e v ity  and c o s t must a lso  be con sid ered  when 
choosing a s o lv e n t . S evera l a u th o r i2,15_1Kave d iscu ssed  th e  cho ice  o f  
so lv e n t fo r  u l t r a s o n ic  c lean in g  and have g iven  s p e c i f ic  exam ples.
There a re  th re e  main components o f  an u l t r a s o n ic  c lean in g  system .
i )  th e  g e n e ra to r  o r  power supply
i i )  th e  tra n sd u c e r
i i i )  th e  p ro c e ss in g  tank
The g e n e ra to r  converts  e l e c t r i c a l  energy from th e  mains to  e l e c t r i c a l  
energy a t  an u l t r a s o n ic  frequency. There a re  fo u r types o f  g e n e ra to rs , th e  
vacuum tube g e n e ra to rs , s i l i c o n  c o n tro lle d  r e c t i f i e r  g e n e ra to r , ro ta ry  
g e n e ra to r  and t r a n s i s t o r  g e n e ra to rs . Most modem u l t r a s o n ic  system s now use 
a t r a n s i s t o r  g e n e ra to r  as advances in  t r a n s i s t o r  c i r c u i t r y  have made them 
much more c o n p e ti t iv e .
The tra n sd u c e r  converts  e l e c t r i c a l  energy a t  an u l t r a s o n ic  frequency 
in to  m echanical v ib ra t io n  energy a t  th e  same frequency. There a re  two 
types o f  tra n sd u c e rs , th e  m a g n e to s tr ic tiv e  and th e  p ie z o e le c t r ic .  The 
m a g n e to s tr ic tiv e  tra n sd u ce r u t i l i z e s  th e  e f f e c t  th a t  c e r ta in  m a te r ia ls  change 
dimension when s u b je c t to  a m agnetic f i e l d .  They a re  g e n e ra lly  made from 
n ic k e l based  a l lo y s .  P ie z o e le c tr ic  tran sd u ce rs  a re  c o n s tru c te d  o f  m a te r ia ls  
th a t  .change dim ension in  response to  an a p p lie d  v o lta g e  and in c lu d e  barium  
t i  ta n a te , c e r ta in  f e r r i t e s ,  l e a d * z irc o n a te  t i t a n a t e  and q u a r tz .  The most 
commonly used m a te r ia ls  in  commercial c lean in g  u n i ts  a re  barium  t i t a n a t e  
and le a d  z irc o n a te  t i t a n a t e .
Except on v e iy  sm all ta n k s , i t  i s  u su a l to  use  a number o f  tra n sd u c e rs  
in  o rd e r  to  d is t r ib u te  th e  u l t r a s o n ic  energy evenly over th e  e n t i r e  base  
o r  s id e  o f  th e  tan k . The tran sd u ce rs  a re  u su a lly  bonded to  th e  o u ts id e
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o f  th e  tank  o r ,  f o r  e x is t in g  i n s t a l l a t i o n s ,  they  may be f i t t e d  in  
h e rm e tic a lly  s e a le d  s ta in le s s  s t e e l  housings to  form im m ersible u n i t s .
1 .4  Q u a n tita tiv e  d e te rm in a tio n  o f  c lea n in g  e f f ic ie n c y
In  any method o f q u a n t i ta t iv e  e v a lu a tio n  i t  i s  n e ce ssa iy  to  produce 
a s ta n d a rd  s o i l  and use th i s  to  contam inate a  s tan d a rd  t e s t  p ie c e , which 
i s  then  c leaned  under c o n tro lle d  c o n d itio n s . The method o f  e v a lu a tio n  
depends on w hether i t  i s  in ten d ed  to  measure th e  r a te  o f  s o i l  rem oval, 
o r  to  d e te c t  th e  p resence  o f  tra c e  amounts o f  s o i l  rem aining a f t e r  c lea n in g . 
Although many methods a re  a v a i la b le ,  th e re  appears to  be no u n iv e rs a l  t e s t  
th a t  can be used  f o r  an o v e ra l l  assessm ent. Each tech n iq u e  has a s p e c i f ic  
a p p lic a tio n  and to  o b ta in  a c o r re c t  e v a lu a tio n  s e v e ra l  methods must be used  
to g e th e r . N epp iras1^ and a lso  B u la t12have d iscu ssed  v a rio u s  methods used 
to  determ ine th e  e f f ic ie n c y  o f  a c lean in g  p rocess  and p a id  p a r t i c u la r  
a t te n t io n  to  u l t r a s o n ic  c lean in g .
The r a te  o f  s o i l  removal can be o b ta in ed  by one o f  th e  fo llo w in g  methods
a) The a r t i c l e  i s  weighed b e fo re  and a f t e r  c lean in g . This t e s t  i s  
l im ite d  to  sm all p a r ts  because, as th e  w eight r a t i o  o f  th e  
contam inant to  th e  p a r t  in c re a s e s ,  th e  accuracy  o f  th e  r e s u l t  drops 
p ro p o r tio n a lly  and ev en tu a lly  th e  w eigh t o f  th e  p a r t  makes th e  
method m echanically  i i r p ra c t ic a b le .
b) The s o i l  can be tagged  w ith  a ra d io a c tiv e  t r a c e J f ’irld th e  
ra d io a c tiv e  count measured b e fo re  and a f t e r  c le a n in g . T his method 
i s  a lso  u se fu l in  d e te c tin g  th e  d is t r ib u t io n  o f  r e s id u a l  s o i l .
The hazards and s a fe ty  problem s, however, a s s o c ia te d  w ith  h an d lin g  
ra d io a c tiv e  m a te r ia l ,  have l im ite d  th e  use o f  t h i s  te ch n iq u e .
c) A chem ical t ra c e  elem ent i s  mixed w ith  th e  s o i l  and th e n  a sse sse d  
a f te r ,  c lean in g  by chem ical t i t r a t i o n .  An example o f  t h i s  i s  th e  
d e te c tio n  o f  so ld e r in g  f lu x  re s id u es  co n ta in in g  c h lo r id e  which can
be d e te c te d  in  sub m illig ram  amounts by p r e c ip i ta t io n  techn iques 
u s in g  s i l v e r  n i t r a t e .
20d) F lu o rescen t and chem ical dyes can be mixed w ith  th e  s o i l  and can 
be a sse ssed  a f t e r  trea tm en t by sp ec tro sc o p ic  te ch n iq u es .
e) The s o i l  rem aining a f t e r  tre a tm e n t o f  a tra n s p a re n t  t e s t  p ie ce  may 
be e s tim a ted  by tra n sm iss io n  densitom etry . I f  th e  opaque t e s t  
p iece  i s  used , th e  s o i l  rem aining can be t r a n s f e r r e d  to  a  t ra n s p a re n t 
adhesive tap e  and again  e s tim a te d  by tra n sm iss io n -d e n s ito m e try .
For the  d e te rm in a tio n  o f  a  h igh  degree o f  c le a n l in e s s ,  i t  i s  n ecessa ry
to  d e te c t  t r a c e  amounts o f  im p u rity . This has been ach ieved  in  s e v e ra l  
14ways
a) The eng ineers ’w a ter b re a k ’ t e s t  determ ines w hether th e  c lean ed  
su rfa ce  can r e t a in  a continuous unbroken f ilm  o f  w a te r  a f t e r  
r in s in g .  A lthough th i s  t e s t  i s  sim ple and e f f e c t iv e ,  i t  i s  on ly  
q u a l i t a t iv e .  A more q u a n t i ta t iv e  development o f  th i s  t e s t  i s  to  
measure th e  c o n ta c t ang le  o f  a drop o f  w ater on th e  s u r fa c e , ( s e e ( e ) ) .
b) For v e iy  f l a t  su rfa ce s  th e  value  o f  c o e f f ic ie n t  o f  f r i c t i o n  may 
be used to  in d ic a te  th e  su rfa ce  c le a n lin e s s .
c) The su rfa c e  e le c tro c o n d u c tiv ity  can be used f o r  c e r ta in  m eta ls
as a v a r ia b le  to  determ ine th e  ab so lu te  c le a n l in e s s .  The accuracy  
o f  th e  t e s t  i s ,  however, h e a v ily  dependent on th e  am bient c o n d itio n s .
d) When a m etal su rfa ce  i s  h ea ted  a t  a tem peratu re  s u f f i c i e n t  to  
g ive a th in  oxide f ilm , th e  u n ifo rm ity  o f  th e  f ilm  depends on 
th e  degree o f  c le a n l in e s s .  The u n ifo rm ity  can be determ ined  by 
observ ing  i t s  co lo u r by r e f le c te d  l i g h t .
e) The measurement o f  the  c o n tac t angle o f  a drop o f  w a te r  on th e  
s u rfa c e , (see  s e c tio n  4 .2 .3 ) .  A low c o n ta c t ang le  in d ic a te s
a very  c lean  s u r fa c e .
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The methods d iscu ssed  on th e  p rev ious page r e ly  on th e  d e te c tio n  o f
s o i l  on th e  su rfa c e . As u l t r a s o n ic  c lean in g  i s  h e a v ily  dependant on
c a v i ta t io n , i t  i s  p o s s ib le  to  use some prim ary e f f e c t s  o f  c a v i ta t io n  such
as e ro s io n  and d isp e rs io n  to  in d ic a te  th e  va lu e  o f  c lean in g  e f f ic ie n c y .
21Crawford measured th e  r a te  o f  p e r fo ra t io n  o f  an aluminium f o i l  d is c  by 
a pho to m etric  techn ique to  determ ine th e  e x te n t o f  c a v i ta t io n  e ro s io n .
There a re  however, two o b je c tio n  to  th i s  t e s t .
i )  The r a te  o f  c a v i ta t io n  e ro s io n  may be v e ry  d i f f e r e n t  from th e  
c lean in g  r a t e .
i i )  The sound in te n s i ty  th re sh o ld  f o r  e ro s io n  i s  much h ig h e r  th an  th e  
in te n s i ty  re q u ire d  fo r  th e  average c lean in g  o p e ra tio n .
A nother techn ique  depends on th e  d isp e rs io n  o f  g ra p h ite  from ground 
14'g la s s .  The amount o f  g ra p h ite  removed in  a f ix e d  tim e i s  a sse sse d  e i th e r  
by w eighing, by d i r e c t  l i g h t  tra n sm iss io n  densitom etry  o r  by t r a n s f e r r in g  
th e  s o l id  rem aining to  an adhesive tra n s p a re n t tap e  and checking th e  l i g h t  
tran sm iss io n . This 'd is p e rs io n  p ro b e ’ techn ique i s  more s e n s i t iv e  in  
d e te c tin g  c a v i ta t io n  a t  lower i n t e n s i t i e s  th an  th e  f o i l  p e r fo ra t io n  method.
22B u la t used  ra d io a c tiv e  o i l ,  b u ff in g  compound and m etal ch ips on
a v a r ie ty  o f  a r t i c l e s  and measured th e  amount o f  r a d ia t io n  e m itte d  b e fo re
and a f t e r  c lean in g . He found th a t  14% o f  th e  contam inant was removed by
p re s su re  w ashing w ith  a d e te rg en t s o lu t io n , 30% by m echanical a g i ta t io n  fo r
10 m inutes in  a pe tro leum  so lv e n t , 35% by vapour deg reasin g  w ith
tr ic h lo ro e th y le n e , 92% by w ire  b ru sh in g  in  a d e te rg e n t s o lu t io n  and 95-100%
23
by u l t r a s o n ic  a g i ta t io n  in  a d e te rg e n t s o lu t io n . Voss and Korpi 
contam inated s t e e l  and aluminium su rfa ce s  w ith  ra d io a c tiv e ly  la b e l le d  
d i (2 -e th y l hexy l) seb aca te  (DOS). They found th a t  u l t r a s o n ic  c le a n in g  in  
p e rch lo ro e th y len e  was more e f f i c i e n t  f o r  removal o f  b u lk  DOS le av in g  on ly  
a monolayer th an  vapour deg reasing , cathode c lean in g  in  5% sodium b ic a rb o n a te
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o r m agnetic s t i r r i n g  in  a lk a l i  d e te rg e n t. The maximum c le a n l in e s s ,  as
m easured by the  a b i l i t y  to  remove th e  m onolayer, was o b ta in ed  by d e te rg e n t
24and ca th o d ic  c lea n in g . Pohlman e t  a l  determ ined th e  dependence o f  
e f f ic ie n c y  on th e  energy d e n s ity , tim e o f  a c tio n , tem peratu re  and m odulation 
o f  th e  so n ic  f i e l d .  They employed a sim ple photom eter to  measure th e  
amount o f  b lack  in d ia n  ink  removed from a g la ss  p la te  u s in g  w a te r as th e  
c lean in g  s o lu t io n  and found t h a t : -
i )  The c lean in g  e f f ic ie n c y  (R) depended on th e  e l e c t r i c a l  power (N) 
consumed by th e  tran sd u ce rs  acco rd ing  to  the  em p irica l r e la t io n s h ip  
R = a log  (bN) where a and b a re  co n stan ts  determ ined e x p e rim en ta lly .
i i )  The r a te  o f  removal o f  contam inant i s  i n i t i a l l y  h igh  th en  g rad u a lly  
becomes le s s  w ith  tim e.
i i i )  R aising  th e  tem peratu re  o f  th e  u l t r a s o n ic a l ly  a g i ta te d  s o lu t io n  
in c re a se d  c lean in g  a c t io n . They suggested  th a t  th i s  was due to  a re d u c tio n  
in  th e  amount o f  gas con ta ined  in  th e  w a te r as th e  tem pera tu re  ro s e .
iv ) Optimal c lean in g  e f f ic ie n c y  was ach ieved  w ith  a sim ple  half-w ave 
m odulation form o f  u ltra so u n d .
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CHAPTER 2 ZINC ELECTRODEPOSITION AND AGITATION
The a g i ta t io n  o f  p la t in g  b a th s  has o f te n  been found to  be 
advantageous because i t  can improve th e  p ro p e r t ie s  o f  bo th  th e  e le c t r o ly te  
and th e  d ep o sited  m eta l. In  th i s  work, th e  e f f e c t  o f  H ydrosonic a g i ta t io n  
on th e  e le c tro d e p o s it io n  o f  z inc  from a z in c a te  e le c t r o ly te  was s tu d ie d .
This e le c t ro p la t in g  s o lu t io n  was chosen b e ca u se :-
i )  A h ig h ly  a lk a l in e  b a th  was re q u ire d  to  p rev en t c o rro s io n  o f  
s t e e l  components in  th e  Hydroson pump u n i t .
i i )  The g en era l i n t e r e s t  in  and in c re a s in g  use o f  a lk a l i  z inc 
p la t in g  w ith in  th e  m eta l f in is h in g  in d u s try .
This ch ap te r d ea ls  w ith  z inc p l a t i n g ; in  p a r t i c u la r  from z in c a te  b a th s ,  
and review s th e  re le v a n t l i t e r a t u r e  on a g i ta t io n  and e le c tro d e p o s it io n .
2 .1 The e le c tro d e p o s it io n  o f  Zinc
2 .1 .1  In tro d u c tio n
Zinc i s  w idely  used  as a p ro te c t iv e  co a tin g  fo r  s t e e l s ,  p a r t i c u l a r i t y
those  su b je c te d  to  atm ospheric environm ents. The p r in c ip a l  reasons f o r  th i s  
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a r e :
i )  I t  corrodes much more slow ly  th an  s t e e l  in  n a tu ra l  environm ents.
i i )  I t  s a c r a f i c i a l ly  p ro te c ts  s t e e l  a t  sm all d is c o n t in u i t ie s  in  th e  
co a tin g .
The e x c e lle n t  re s is ta n c e  to  c o rro s io n  i s  due to  th e  f a c t  t h a t  i t  
forms p ro te c t iv e  oxide an d /o r hydroxide film s when exposed to  th e  atm osphere. 
The hydrogen o v erv o ltag e  on z inc  i s  h igh  and th i s  i s  a lso  b e n e f ic ia l .
Z inc-coa ted  s t e e l  i s  commonly used as a c o n s tru c tio n  m a te r ia l  f o r  
s t r u c tu r a l  s tee lw ork  in  b r id g e s , ro o fs  and tow ers, motorway guard  r a i l s ,
s id in g s  fo r  farms and in d u s t r ia l  b u ild in g s , p ip e s 5fen c in g  and tu b in g .
Many p a r ts  o f  autom obile bod ies and m arine equipm ent,and sm a lle r  p a r ts  
such as n a i l s ,  hooks, n u ts  and b o l ts  a re  a lso  made from z in c  co ated  s t e e l .
The f iv e  main methods fo r  app ly ing  m e ta l l ic  z in c  co a tin g s  in c lu d e :
( i)  H ot-d ip  g a lv an iz in g
( i i )  E le c tro d e p o s itio n
( i i i )  M etal sp ray in g
(iv ) D iffu s io n  qy  S h era rd iz in g
(v) Zinc r ic h  p a in ts
H ot-d ip  g lav an iz in g  i s  th e  most common method f o r  co a tin g  s t e e l  w ith  
z inc  because i t  i s  cheap and qu ick  b u t a l l  f iv e  techniques have advantages 
and d isad v an tag es . The advantages o f  u s in g  e le c tro d e p o s it io n  in c lu d e :
( i )  The c o a tin g  c o n s is ts  o f  pu re  z in c  which i s  q u i te  d u c t i l e ,  so th a t  
th e  co ated  a r t i c l e  can be su b je c te d  to  subsequent f a b r ic a t io n  w ith o u t damage.
( i i )  The th ick n ess  o f  th e  c o a tin g  can be c o n tro lle d  a c c u ra te ly  as i t  
i s  c a lc u la te d  from Faradays ' Law and depends upon th e  ca th o d ic  c u rre n t 
e f f ic ie n c y , c u rre n t d e n s ity  and tim e o f  c u r re n t a p p lic a t io n .
( i i i )T h e re  i s  no upper o r  lower l im i t  to  f ilm  th ic k n e ss  which can be 
a p p lie d .
(iv ) The p rocess i s  c a r r ie d  o u t a t  com paratively  low tem pera tu res so 
th a t  th e re  i s  l i t t l e  chance o f  th e  d i s to r t io n  o f  p a r ts  th a t  may o ccu r w ith  
h o t-d ip p in g .
One d isadvan tage  o f  z inc  e le c t r o p la t in g  i s  th a t  th e  adhesion  depends 
on a m etal to  m etal bond and no d if fu s io n  o r  a llo y in g  occurs betw een th e  
s u b s tr a te  and th e  c o a tin g . Hence th e  su rfa c e  p re p a ra t io n  o f  th e  a r t i c l e  
i s  much more c r i t i c a l  th an  th a t  f o r  h o t-d ip  g a lv an iz in g  o r  s h e ra rd iz in g .
The e le c t ro p la t in g  p rocess i s  a lso  n o t as e f f i c i e n t  a t  c o a tin g  th e  in s id e  
o f  i n t r i c a t e  a r t i c l e s  and p ip es  as th e  h o t-d ip p in g  o r  d if f u s io n  p ro c e sse s .
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The fo u r  main types o f  p la t in g  b a th  employed to  e le c tro d e p o s it  z inc  
on an in d u s t r ia l  s c a le  a re  based  on s o lu tio n s  o f  su lp h a te , c h lo r id e , 
cyanide and non-cyanide a l k a l i .  The conven tional s u lp h a te , c h lo r id e  and 
cyanide b a th s  have t h e i r  in d iv id u a l in h e re n t d isad v an tag es . The su lp h a te  
b a th  has a poor throw ing power so does n o t g ive  uniform ly  th ic k  co a tin g s  
and i t  has a low c o n d u c tiv ity , so t h a t  a h igh  p o te n t ia l  i s  re q u ire d  to  g ive  
a s p e c i f ic  c u r r e n t . ... The c h lo rid e  b a th  l ib e r a te s  c o rro s iv e  fumes, so 
expensive e x tra c t io n  equipment i s  n ecessa ry . A lthough th e  cyanide b a th  i s  
p a r t ic u la r ly  good because i t  g ives good q u a l i ty  deposits  and an evenly  th ic k  
coating, i t  i s  h ig h ly  to x ic , so c re a te s  e f f lu e n t  d isp o sa l problem s. Because 
o f  th i s  problem  a c o n sid e rab le  e f f o r t  has been made to  f in d  a s u i ta b le  
a l t e r n a t iv e .  The obvious choice was an o th er complex a lk a l in e  b a th  because 
th i s  would g ive  a  good even c o a tin g . Hence th e  z in c a te  b a th  has been w idely  
in v e s t ig a te d .
96Kamat e t  a l  a ttem p ted  to  develop a s u i ta b le  non-cyanide a lk a l i  b a th  
f o r  th e  w ire  in d u s try  and made a d e ta i le d  s tu d y  o f  th e  e f f e c t  o f  b a th  
tem pera tu re , sodium hydroxide and z inc  oxide c o n c e n tra tio n  and in o rg a n ic  
s a l t  a d d itio n s  on some p ro p e r t ie s  o f  th e  s o lu t io n  and th e  d e p o s it .
They found th a t  th i s  b a th  gave a  s im i la r  ca th o d ic  c u rre n t e f f ic ie n c y  
(96-991), a h ig h e r s p e c i f ic  co n d u c tiv ity  (0 .340 v ersus 0 .076) and b e t t e r  
throw ing power than  th e  commonly used  a c id  su lp h a te  b a th .
2 .1 .2  R eaction  mechanisms in  the  Z incate  b a th
The e le c t r o ly te  c o n s is te d  o f  a s o lu t io n  o f  sodium hydroxide s a tu r a te d  
w ith  z inc  oxide w ith  a pH about 14. According to  th e  Pourbaix  diagram  
( f ig .  5 ) , z in c  should  always be p re se n t in  complex io n ic  form in  s tro n g ly  
a lk a l i  s o lu t io n s . Kamat e t  a l  2W e  s tu d ie d  th e se  re a c tio n s  and su g g es t t h a t  
z inc  oxide may d is so lv e  in  th e  s o lu tio n  o f  sodium hydroxide to  form sodium
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z in c a te  accord ing  to  th e  equation :
ZnO + 2Na0H-^Na2Zn02 + H20 . . . . .  (2 .1 )
The z in c  anode d is so lv e s  accord ing  to  th e  eq u a tio n :------------------ -----------
Zn + 2NaOH—>Na2Zn02 + 2H.................................................... .........  (2 .2 )
The sodium z in ca te  may th en  decompose d i r e c t ly  to  th e  
n e g a tiv e ly  charged z in c  io n s :
Zn02 , HZn02 and Zn (0H)4 as fo llow s:
—  +
Na2Zn02*->Zn02 + ' 2Na   (2 .3 )
+  -  +
Na2Zn02 + H —> HZn02 + 2Na .........  (2 .4 )
+
Na2Zn02 + 2H20-> Z n(0H )4 + 2Na .........  (2 .5 )
I t  i s  p o s s ib le  fo r  th e se  n e g a tiv e ly  charged ions to  change from one
type to  an o th er a f t e r  they  have foraied. Thus W est2S u g g e s te d  th a t  Zn02 
cou ld  b e ’converted  to  Zn(QH)4 as fo llo w s .
OH.
9  I 2  2
[O -Z n-O ] = [O -Z n-O ] L~
oh2
OH
I
Zn
H(f OH oh
2 -
The Zn02 con ta in s  two w a ter m olecules in  i t s  p rim aiy  s o lv a t io n  sh ea th  
to  m ain ta in  th e  h igh  symmetry te t r a h e d r a l  s t a t e .
Because Zn02 , HZn02 and Zn(OH) 4 a re  a n io n s , they  cannot reach  th e  
n e g a tiv e ly  charged cathode by e l e c t r o s t a t i c  a t t r a c t io n  o r  m ig ra tio n . I t  
i s  th e re fo re  considered  th a t  th e  d e p o s it io n  p rocess  must be h e a v ily  dependant 
on d if fu s io n  c o n tro l .  A g ita tio n  o r  in c re a se d  tem peratu re  i s  l ik e ly  to
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have a considerable e f fe c t  on th e  ra te  o f  deposition .
The ions a re  reduced to  m e ta l l ic  z inc  when they  reach  th e  cathode 
s u r fa c e . According to  Kamat e t  a l  th e  p o s s ib le  re d u c tio n  re a c tio n s  
a re  as fo llo w s:
ZnC>2 + 4H + 2 e —»Zn + 2H20
HZn02 + 3H + 2e —»Zn + 2H20
Zn(OH4) + 4H + 2 e -> Z n  + 4H20
( 2 .6)
(2 .7 )
( 2 . 8)
The th re e  l in e s  re p re se n tin g  th e  re d u c tio n  o f  Zn02 , HZn02 
and Zn(CH4 ) a re  very  c lo se  to  each o th e r  on th e  p o te n t ia l  pH diagram  
su g g es tin g  th e  p o s s ib i l i ty  o f  a l l  th re e  o ccu rrin g  during  z inc  d e p o s it io n .
2 .1 .3  The morphology o f  z in c  d ep o sited  from z in ca te  s o lu t io n s .
A co n sid e rab le  amount o f  work has been in s t ig a te d  due to  th e  problems 
a s s o c ia te d  w ith  d e n d r i t ic  growth o f  z inc  d u ring  th e  rech arg in g  o f  z in c - 
a i r  c e l l s  ( f ig .  6 ) .
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The re a c tio n s  upon charg ing  a re
anode 40H— >2H20 + 0£ + 4e .........  (2 .9 )
cathode 2Zn(OH)2 + 4 e —>2Zn + 40H............................. .........  (2 .10)
U nless th e  charg ing  r a te  i s  k ep t v e iy  low, z inc  d e n d rite s  form and 
grow towards th e  anode^so may form a c o n tac t which sh o r ts  o u t th e  c e l l .
O QRomanov s tu d ie d  th e  e f f e c t  o f  various, forms o f  c u rre n t on th e  e le c t r o ly s is  
o f  z in ca te  s o lu tio n s . Zinc d e n d rite s  were n o t formed a t  a l l  du ring  
e le c t r o ly s i s  by asymmetric a l te r n a t in g  c u rre n t ( i . e .  a l te r n a t in g  c u rre n t 
superim posed on d i r e c t  c u rre n t)  o r i f  p u ls a t in g  half-w ave c u rre n t was used
on .
under c e r ta in  c o n d itio n s . H ig g in sJusuggested  th a t  th e  cause o f  d e n d r i t ic  
growth was a  d e p le tio n  o f  th e  c o n ce n tra tio n  o f  z in c a te  io n s  a t  th e  cathode 
in te r f a c e  which r e s u l te d  in  th e  z in c  p r e f e r e n t i a l ly  p la t in g  a t  th e  h ig h e s t
-2p o in ts  on th e  s u r fa c e . He r e la te d  th e  l im it in g  c u rre n t d e n s ity  (I^  amp cm )
a t  which th e  z in c  could  be p la te d  sm oothly, to  th e  z in c  c o n c e n tra tio n
-3  -1  -1(C^ equiv  cm ) and th e  v is c o s i ty  (pg cm s ) u s in g  eq u atio n  (2 .1 1 ) .
I L = 58.9 (0 ,5 5/4  ( K f 1/4  ■ .........  (2 .11)
The l im it in g  c u rre n t d e n s ity  was found to  be reduced by roughening
th e  e le c tro d e  su rfa c e , in c o rp o ra tio n  fo re ig n  m etals in  th e  cathode and
o b s tru c tin g  th e  t r a n s p o r t  o f  z in c  to  th e  s u rfa c e , b u t i t  was r a is e d  by
adding a m etal more e le c tro p o s i t iv e  th an  z in c  to  th e  s o lu t io n  such as t i n .
N.B. This l im it in g  c u rre n t d e n s ity  a t  which a smooth d e p o s it  cou ld  be
p la te d  i s  norm ally  r e f e r r e d  to  as th e  maximum c u rre n t d e n s ity . The v a lu e
o f  t h i s  i s  o f te n  o b ta in ed  b e fo re  th e  t ru e  l im it in g  c u rre n t d e n s ity  i s
reached i . e .  th e  c u rre n t d e n s ity  a t  which th e  c o n c e n tra tio n  o f  r e a c t in g
ions a t  th e  su rfa c e  i s  zero and th e  maximum r a te  o f  tr a n s p o r t  o f  io n s  to
31th e  e le c tro d e  su rfa c e  has been reached
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32Naybour used  scann ing  and tra n sm iss io n  e le c tro n  m icroscopy to  examine 
th e  morphology o f  z inc  d e p o sits  "from an aqueous s o lu t io n  o f  po tassium
hydroxide s a tu r a te d  w ith  z inc  oxide and as expected  found i t  to  vary  w ith
- 2  - 2  c u r re n t d e n s ity . At 10 A dm the  d e p o sits  were d e n d r i t ic ;  a t  2 A dm
- 2th ey  c o n s is te d  o f  la y e r  growth w ith  some g ra n u la r  growths w h ile  a t  0 .4  A dm 
th ey  were mossy growths which c o n s is te d  o f  la rg e  numbers o f  sm all z inc  
c r y s ta l s .  When p la t in g  on s in g le  c ry s ta ls  o f  z inc a t  v a rio u s  o r ie n ta t io n s ,  
he found th a t  in  the  e a r ly  s tag es  o f  d e n d r i t ic  growth, th e re  were few er 
growths on th e  b a s a l  p lan e  (0001). Once th e  d e n d rite s  had developed, 
however, th e  s u b s tr a te  o r ie n ta t io n  had l i t t l e  e f f e c t .  The growth d i r e c t io n  
o f  the  d e n d rite  main stem s and s id e  branches was in  th e  (1120) p la n e .
33B ockris e t  a l  found th e  o v e rp o te n tia l  to  be th e  c r i t i c a l  f a c to r
in  determ in ing  th e  morphology o f  z in c  d e p o sited  on s in g le  g ra in s  o f  z inc
from a lk a l i  s o lu t io n . At low o v e rp o te n tia ls  (50 mV) e p i ta x ia l  la y e r  type
growth was observed u s in g  a scann ing  e le c tro n  m icroscope. A t 100 mV
Mb o u ld e rsM were observed , n o t a l l .  o f  which were e p i ta x ia l  w ith  th e
s u b s t r a te .  The b o u ld e r d e n s ity  in c re a se d  sh a rp ly  in  th e  i n i t i a l  s ta g e s  o f
d e p o s it io n  th en  slow ly  decreased  w ith  tim e. They suggested  th a t  th i s  ^
b o u ld er fo rm ation  was due to  n u c le a tio n , and proposed a model based  on
th e  f a c t  th a t  la rg e r  bou lders  consume th e  sm a lle r  ones to  e x p la in  th e
34-36
change in  b o u ld e r d e n s ity  w ith  tim e . O ther w orkers found a c r i t i c a l  
o v e rp o te n tia l  f o r  d e n d r i t ic  growth a t  about -80  mV.
37J u s t i n ’yanovic and Despic in v e s t ig a te d  th e  d e p o s it io n  o f  z in c  
from a lk a l i  z in c a te  s o lu tio n s  on to  a s t e e l  s u b s t r a te .  The r a t i o  o f  d e n d r i t ic  
to  compact d e p o s it was m easured as a fu n c tio n  o f  p o te n t ia l  by anodic  
s t r ip p in g  coulom etry f i g .  7, and th e  maximum d e n d r i t ic  growth o ccu rred  
a t  an o v e rp o te n tia l  o f  ~  50 mV.
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Y ie ld  o f  d e n d r i t ic  d e p o s it as a  fu n c tio n  o f  o v e rp o te n tia l
The o r ie n ta t io n  o f  th e  compact p a r t  o f  the  d e p o s it was found to  be 
(0001) w hile  th a t  o f  th e  d e n d rite s  was (1010) o r  (1120). This was 
ex p la in ed  i n  terms o f  a much f a s t e r  growth on th e  (1010) and (1120) p lan es  
than  the  (0001) p la n e , favoured  by th e  s t r u c tu r e  o f  th e  p lan e  a t  which 
continuous fo rm ation  o f  new la y e rs  i s  p o s s ib le  by th e  mechanism o f  
un id im ensional n u c le a tio n .
38Lindborg e t  a l  a lso  s tu d ie d  some p ro p e r t ie s  o f  z in c  d e p o s its  from
_2
a lk a l i  s o lu tio n s  and a t  a c u rre n t d e n s ity  o f  3 A dm , a l a th  l ik e  
s t r u c tu r e  w ith  a p re fe r re d  o r i e n t ia t io n  o f  (1120) was observed . The 
s t r u c tu r e  and m orphological c h a r a c te r i s t ic s  o f  z inc  d e n d rite s  grown
p o te n t io s t a t i c a l ly  a t  d i f f e r e n t  r a te s  from a range o f  z in c a te  s o lu tio n s
39 “ 1was s tu d ie d  by D iggle e t  a l  . D endrites grown a t  a r a te  o f  3[im min
(10% w t/w t KQH, 0 .01  M ZnO, -100 mv, 35°C) were o f  the  tw inned m o n o cry sta llin e
’sword’ type w ith  a n o tic e a b le  absence o f  re g u la r  b ranch ing . At a r a te  o f
24 pm min (under th e  same c o n d itio n s) they  were tw inned m onocrystals
as above w ith  some p o ly c ry s ta l l in e  n a tu re . At a growth r a te  o f  67 pmin ^
o(40%wt/wt KOH 0.2m ZnO, -200 mv, 35 C) th e  d e n d rite s  had a f e rn  l ik e  
morphology w ith  a la rg e  degree o f  p o ly c ry s ta l l in e  c h a ra c te r .
2.2 A g ita tio n  o f  e le c t r o p la t in g  so lu tio n s
2 .2 .1  In tro d u c tio n
I t  has been  suggested  th a t  a g i ta t io n  o f  th e  e le c t r o p la t in g  
s o lu t io n  i s  b e n e f ic ia l  because i t  h e lp s  to  renew th e  c o n c e n tra tio n  o f  m etal 
ions in  th e  cathode f ilm  (and remove ions from th e  anode film ) thus 
d ecreasin g  c o n ce n tra tio n  p o la r iz a t io n  and enab ling  the  use o f  h ig h e r  c u rre n t 
d e n s i t ie s  and h ig h e r  p la t in g  speeds. I t  a lso  se rv es  to  remove hydrogen 
bubbles from th e  cathode su rfa ce  which o therw ise  may g iv e  s tre a k in g  o f  th e  
s u r fa c e .
The types o f  a g i ta t io n  most commonly used  in  m eta l f in is h in g  a re  
as fo llow s:
1. A ir a g i ta t io n
2. S o lu tio n  c i r c u la t io n
3. kfechanical a g i ta t io n ;  a) Cathode rod  re c ip ro c a tio n ; b) Cathode 
r o ta t io n ;  c) P ro p e lle rs  and p ad d les ; d) B a rre l p la t in g
4. Convection a g i ta t io n
5. U ltra so n ic  a g i ta t io n
1. A ir  a g i ta t io n
A ir  a g i ta t io n  i s  ra p id ly  becoming p opu lar in  th e  m etal f in i s h in g
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in d u s try . The u su a l method i s  to  have low p re s su re  a i r  from an a i r  o r  
gas blow er fo rced  in to  th e  s o lu t io n  through p e r fo ra te d  p ipes ly in g  n e a r 
th e  bottom  o f  th e  tan k . An a i r  f i l t e r  i s  u su a lly  in c o rp o ra te d  in to  th e  
system . Compressors cannot be used s in ce  they  may contam inate th e  
s o lu t io n  w ith  d i r t  and o i l .  D e ta ils  o f  recommended equipment desig n  a re  
g iven  by R u b in ste in  ^°. A ir  a g i ta t io n  cannot be used in  any s o lu tio n  whose 
c o n s ti tu e n ts  a re  e a s i ly  o x id ized  to  an u n d e s irab le  s t a t e  such as iro n  
p la t in g  b a th s .
2. S o lu tio n  c i r c u la t io n
S o lu tio n  c i r c u la t io n  i s  r e l a t iv e ly  in e f f e c t iv e  compared w ith  o th e r  
forms o f  a g i ta t io n ,  b u t i t  does have th e  advantage th a t  i t  can be combined 
w ith  o th e r  o p e ra tio n s  such as h e a tin g , co o lin g  o r  f i l t r a t i o n .  I t  i s  
always combined w ith  f i l t r a t i o n ,  o therw ise  th e  a g i ta t io n  keeps d i r t  
p a r t i c l e s  c o n s ta n tly  suspended in  th e  b a th  which may r e s u l t  in  a rough 
d e p o s it .  This type o f  a g i ta t io n  i s  p a r t i c u la r ly  u s e fu l f o r  o p e ra tio n s  
such as e lec tro fo rm in g  where a heavy b u ild -u p  o f  d e p o s it i s  re q u ire d . I t  
i s  o f te n  employed in  co n ju n c tio n  w ith  cathode ro d  re c ip ro c a tio n  o r  
r o ta t io n .
3. M echanical a g i ta t io n
a) Cathode^rod -re c ip ro c a tio n :
This method i s  p robably  th e  most common form o f  a g i ta t io n  used  in  
th e  p la t in g  in d u s try . The cathodes a re  a tta c h e d  to  a re c ip ro c a tin g  
mechanism which moves them back and fo r th  on r o l l e r s  along th e  p la t in g  
tan k . The motion o f  th e  cathodes through the  p la t in g  s o lu t io n  i s  re g u la te d  
a t  a r a te  s u f f i c i e n t  to  remove hydrogen bubbles and change th e  cathode 
f ilm  fre q u e n tly . Where tank  space i s  l im ite d , th e  system  can be m od ified  
to  p ro v id e  a v e r t i c a l  o r  h o r iz o n a ta l  ro ck ing  m otion.
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b) Cathode ro ta t io n
This form o f  a g i ta t io n  i s  only s u i ta b le  when la rg e  s in g le  p ie ce s  
a re  be in g  e le c t ro p la te d  o r when a f a s t  d e p o s it io n  r a te  i s  re q u ire d  fo r  
a heavy b u ild -u p  o f  m eta l such as fo r  th e  m anufacture o f  p r i n t  r o l l e r s .  
E l e c t r i c a l  c o n tac t to  th e  cathode i s  made by a com m utator-brush arrangem ent. 
Because th e  d esign  o f  th e  system  i s  so dependent on th e  s p e c i f ic  a p p lic a t io n  
th e re  a re  very  few g en e ra l s p e c if ic a t io n s  f o r  cathode r o ta t io n s .
c) P ro p e lle rs  and paddles
This type  o f  a g i ta t io n  i s  unusual in  th e  p la t in g  in d u s try  because 
th e  a g i ta t io n  tends to  be very  non-uniform  u n le ss  a la rg e  number o f  
p ro p e lle r s  o r paddles a re  used . In  most cases s im ila r  r e s u l t s  can be 
ach ieved  by o th e r  cheaper m ethods.
d) B a rre l p la t in g
Although a g i ta t io n  i s  n o t th e  prim ary purpose o f  b a r r e l  p la t in g ,  
a h igh  degree o f  a g i ta t io n  i s  ach ieved . B a rre l p la t in g  can e lim in a te  
rack in g , w irin g  and j ig g in g  o f  la rg e  numbers o f  sm all a r t i c l e s .  The 
b a r r e l  i s  made o f  an i n e r t  m a te r ia l  and th e  o u ts id e  w a lls  a re  p e r fo ra te d  
w ith  v a rio u s  s iz e d  h o le s  depending on th e  type o f  work to  be p la te d .  
E l e c t r ic a l  c o n ta c t i s  made by m eta l d is c s  on th e  bottom  o f  th e  c y l in d e r .
The b a r r e l  i s  immersed in  th e  p la t in g  tan k  and ro ta te d  e i t h e r  h o r iz o n ta l ly  
o r  a t  an ang le  o f  45°. In  th e  tu b -ty p e  b a r r e l  p la te s  th e  e le c t r o ly te  i s  
con ta in ed  e n t i r e ly  w ith in  th e  b a r r e l .  In  g en era l an ang led  b a r r e l  i s  
used  fo r  sm all p a r t s  as i t  p ro v id es  a more uniform  tum bling a c t io n , 
whereas fo r : l a r g e r  p a r ts  th e  h o r iz o n ta l -b a r r e l  i s  p re fe ra b le .
4. Convection A g ita tio n
This i s  a su c c e ss fu l method o f  producing  m ild  a g i ta t io n  when no o th e r
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a g i ta t io n  i s  a v a ila b le  o r  f o r  m a in ta in in g  a uniform  tem peratu re  in  the  
p la t in g  tan k . A convective  flow is  induced in  th e  tan k  by u s in g  a h e a tin g  
c o i l  and system  o f  b a f f le s .
5. U ltra so n ic  a g i ta t io n
U ltra so n ic  a g i ta t io n  produces th e  most in te n s iv e  form o f  a g i ta t io n  
due to  th e  shock waves produced by c a v i ta t in g  bubbles ( s e c tio n  1 .3 .3 ) .
These shock waves can a f f e c t  many o f  th e  p ro p e r t ie s  o f  b o th  th e  e le c t r o p la t in g  
s o lu tio n  and th e  p h y s ic a l p ro p e r t ie s  o f  th e  d e p o s it .
As u l t r a s o n ic  a g i ta t io n  is  th e  n e a re s t  com parison to  H ydrosonic 
a g i ta t io n ,  the  l i t e r a t u r e  on the  e f f e c t  o f  u l t r a s o n ic  a g i ta t io n  on th e  
e le c tro d e p o s it io n  o f  z inc  i s  review ed in  some d e t a i l .
2 .2 .2  U ltra so n ic  a g i ta t io n  and e le c tro d e p o s it io n
Although th e re  were many exaggera ted  claim s made in  th e  f i f t i e s  about 
th e  b e n e f ic ia l  e f f e c ts  o f  u l t r a s o n ic  a g i ta t io n  on e le c tro d e p o s it io n  o f  
m e ta l, th e re  i s  no doubt th a t  u ltra so u n d  can a f f e c t  many o f  th e  p r o p e r t i e s . 
D if fe re n t w orkers have shown th a t  p la t in g  in  an u l t r a s o n ic a l ly  a g i ta te d  
s o lu t io n  may produce e le c tro d e p o s its  w ith  an in c re a se d  b r ig h tn e s s  and 
h a rd n ess , b e t t e r  adhesion  to  th e  s u b s t r a te ,  a f in e r  g ra in  s i z e ,  and a 
reduced in te r n a l  s t r e s s  and p o ro s i ty . Good q u a l i ty  d e p o s its  can be o b ta in ed  
a t  h ig h e r c u rre n t d e n s i t ie s  than  normal fo r  many p la t in g  system s and t h i s  
allow s an in c re a se  in  th e  r a te  o f  d e p o s it io n . The observed  e f f e c t s  appear, 
however, to  be v e ry  dependent on th e  frequency , in te n s i ty  o f  u ltra so u n d  
and geometry o f  th e  system  and th i s  makes the  comparison o f  r e s u l t s  by 
d i f f e r e n t  w orkers d i f f i c u l t .  A review  o f  th e  e f f e c t  o f  u l t r a s o n ic  a g i ta t io n  : 
on some p ro p e r t ie s  o f  e le c tro d e p o s its  was g iven  by W alker^1 and S e rg e i
2 .2 .3  E le c tro d e p o s itio n  o f  z in c  w ith  u ltra so u n d
A co n sid e rab le  amount o f  work has been c a r r ie d  o u t on th e  e f f e c t  o f  
u l t r a s o n ic  a g i ta t io n  on th e  e le c tro d e p o s it io n  o f  z inc  from su lp h a te  and 
cyanide based  e le c t r o ly te s .  The l i t e r a t u r e  i s  summarized in  Tables 1 
and 2. From th ese  ta b le s  i t  can be concluded th a t  in  g en e ra l u l t r a s o n ic  
a g i ta t io n  in c re a se d  th e  ca th o d ic  c u rre n t e f f ic ie n c y , maximum c u rre n t 
d e n s ity  and d e p o s it io n  r a t e .  In  most cases sm oother f in e  g ra in e d  d e p o sits  
were o b ta in ed , although  some workers observed r ip p le d  d e p o s its .  The e f f e c t  
on th e  v a lu e  o f  m icrohardness v a r ie d  and some workers observed  a decrease  
w h ile  o th e rs  found th a t  u l t r a s o n ic  a g i ta t io n  r a is e d  th e  v a lu e .
Much le s s  work has been c a r r ie d  ou t u s in g  c h lo rid e  and z in c a te  
e le c t r o ly te s .  The work re p o rte d  in  th e  l i t e r a t u r e  i s  summarized in  Table 3. 
The e f f e c ts  were v e ry  s im ila r  to  those  o b ta in ed  fo r  th e  cyanide and su lp h a te  
e le c t r o ly te s ,  i . e .  in  most cases th e  su rfa c e  appearance was improved and 
in c re a se s  were r observed in  c u rre n t e f f ic ie n c y , maximum c u rre n t d e n s ity , 
d e p o s it io n  r a t e  and m icrohardness.
Work o f  p a r t i c u la r  i n t e r e s t  i s  th a t  by Bondarenko and B ru s in ts in a 57
on th e  e f f e c t  o f  u l t r a s o n ic  a g i ta t io n  on th e  s t r u c tu r e  o f  z in c  d e p o s its
(see  Table 3 fo r  d e ta i l s  o f  th e  experim ental c o n d it io n s ) . D eposition  was
c a r r ie d  o u t w ith  no a g i ta t io n ,  w ith  the  e le c t r o ly te  a g i ta te d  a t  100 Hz,
and w ith  th e  cathode v ib ra t in g  a t  1250 KHz. Both methods o f  a g i t a t io n  had
an e f f e c t  on th e  c r y s ta l  s t r u c tu r e ,  b u t th e  v ib ra t in g  cathode had th e
g re a te r  e f f e c t .  F ig . 7.5 shows th e  dependance o f  th e  dim ensions o f  z in c
c ry s ta ls  p lo t te d  a g a in s t  th e  c u rre n t d e n s ity . In  t h e i r  p ap e r , th e re
appears to  be some confusion  in  th e  t e x t .  I t  can be seen  from f i g . 7.5
however, th a t  w ith o u t th e  a d d itio n  o f  p a s s iv a tin g  agen ts ( i . e .  0 .7  gL- '1'
g lue) th e  c r y s ta l  s t r u c tu r e  i s  f in e r  w ith  u l t r a s o n ic  a g i ta t io n  a t  c u r re n t
_2
d e n s i t ie s  below 1.5 A dm and c o a rse r  above th i s  v a lu e . They co n sid e red
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curve 1 and 3 w ith  a d d itio n  o f  0 .7  gL glue
out
1 and 4 w ith^v ib  ra t io n s
2 and 5 in  v ib ra t in g  e le c t r o ly te  100 Hz
3 and. 6 on v ib ra t in g  cathode 1250 KHz
‘F ig . 7.5 Dependence o f  dimensions o f  z inc  c ry s ta ls  on 
th e  c u rre n t d e n s ity .
th a t  th i s  e f f e c t  was due to  u l t r a s o n ic  a g i ta t io n  in c re a s in g  th e  
*
’’p a s s iv a t io n ” a t  th e  cathode a t  low c u rre n t d e n s i t ie s .
An in c re a se  in  p a s s iv a t io n  reduces th e  c r y s t a l l i t e  s iz e .  At
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c u rre n t d e n s i t ie s  above 1 .5  A dm c o n ce n tra tio n  p o la r iz a t io n  becomes th e  
predom inant f a c to r  a f f e c t in g  th e  d e p o s it s t r u c tu r e .  U ltra so n ic  a g i ta t io n  
reduces th e  c o n ce n tra tio n  p o la r iz a t io n  and th ey  suggested  th a t  th i s  in  
tu rn  reduced th e  number o f  n u c le a tio n  s i t e s  which gave a c o a rse r  d e p o s it .
I t  i s  d i f f i c u l t  to  env isage  a mechanism by which reducing  th e  c o n c e n tra tio n  
p o la r iz a t io n  would lower th e  d e n s ity  o f  n u c le a tio n  s i t e s ,  however, because 
th e  supply  o f  ions to  th e  su rfa c e  would be in c re a se d  and th i s  would 
be expected  to  in c re a se  n u c le a tio n .
61Vagramyan and S o lo v 'ev a  c a r r ie d  o u t a d e ta i le d  s tudy  o f  th e  change
in  p a s s iv a tio n  a t  th e  cathode due to  u l t r a s o n ic  a g i ta t io n  d u rin g  z in c
e le c tro d e p o s it io n  from a z in c  su lp h a te  s o lu t io n .  They observed  a change in
o v e rp o te n tia l  w ith  tim e a f t e r  th e  sound v ib ra t io n  co n d itio n s  w ere changed.
When th e  v ib ra t io n  was imposed and removed, p o te n t ia l  jumps in v o lv in g  b o th
decreases and in c re a se s  o f  o v erv o ltag e  were observed . These w ere fo llow ed
by a slow r i s e  in  ov erv o ltag e  a f t e r  th e  im p o sitio n  o f v ib r a t io n  and a
decrease  a f t e r  i t s  rem oval. They proposed th a t  th e  p o te n t ia l  jump a t  h ig h
c u rre n t d e n s i t ie s  was due to  th e  removal o r  r e s to r a t io n  o f  c o n c e n tra tio n
p o la r iz a t io n  and a t  low c u rre n t d e n s i t ie s  th e  in c re a se  in  p o te n t ia l  when
v ib ra tio n s  were imposed was due to  an in c re a se  in  ’p a s s iv a t io n '.  In  l a t e r  
44work Bondarenko used  th i s  th e o iy  to  ex p la in  th e  r ip p le d  appearance o f  
z inc  d ep o sited  from c e r ta in  b a th s .
*N.B. The term "passivation” at the cathode is  used to describe the
136adsorption o f foreign chemicals on to the surface o f the electrode 
i .e . organic surface active substances, hydroxides^ hydrogen, oxygen 
etc. which retard the rate o f reduction o f metal ions.
41
45
K udiyavtsev and Smirnova found th a t  u l t r a s o n ic  a g i ta t io n  
co n sid e rab ly  reduced b o th  anodic and ca th o d ic  p o la r iz a t io n  in  a z in c a te  
e l e c t r o ly te .  They co n sid ered  th a t  th e  e f f e c t  on ca th o d ic  p o la r iz a t io n  
was due to  a re d u c tio n  in  th e  th ick n ess  o f  th e  d if fu s io n  la y e r .  This lowers
r ry
th e  c o n ce n tra tio n  p o la r iz a t io n ,  which has been shown to  be th e  predom inant
63,64
type  o f  p o la r iz a t io n  in  z in c a te  s o lu t io n s .  O ther w orkers have found th a t  
u l t r a s o n ic  a g i ta t io n  can co n sid e rab ly  reduce th e  th ick n ess  o f  th e  d if fu s io n  
la y e r  a t  th e  cathode s u r fa c e . Y eager and Hovorka6iv en  su g g ested  th a t  i t  
e lim in a te s  i t  com pletely .
2 .2 .4  The N em st D iffu sio n  Layer
The d if fu s io n  la y e r  a r is e s  from a c o n ce n tra tio n  g ra d ie n t a t  th e  
e le c tro ly te /m e ta l  in te r f a c e .  In  r e a l  term s i t  has no d e f in i te  th ic k n e ss  
even when fo rced  convection  produces a s tead y  s t a t e  c o n c e n tra tio n  p r o f i l e .  
The v a lu e  g iven  as th e  N em st boundary la y e r  th ick n ess  6 i s  o b ta in e d  by 
e x tra p o la t in g  th e  l in e a r  p a r t  o f  th e  co n ce n tra tio n  v ersu s  d is ta n c e  from 
th e  in te r f a c e  curve f i g .  8.
LINEARISED C-X CURVE
'X=0
X8
DISTANCE
F ig . 8. C oncen tra tion  v ersus d is ta n c e  from th e  e le c tro d e  in te r f a c e .
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f i f iF ic k ’s f i r s t  Law o f  d if fu s io n  g ives
i_ = = -D /d c \  where dc = c o n c e n tra tio n  g ra d ie n t
nF ydx/ dx
D = d if fu s io n  c o e f f ic ie n t
J  = f lu x
i  = c u rre n t cWsiH}
n  = number o f  e le c tro n s  in v o lv ed  in  
th e  e le c tro d e  p ro cess  
F = Faraday c o n stan t
The c o n ce n tra tio n  g ra d ie n t acro ss  th e  N em st d if fu s io n  la y e r  i s  
c° -  Cx = o g iv in g
i  = J, = -D C° -  C = o    (2 .12)— b x
nF 8
When th e  va lue  o f  c u r re n t d e n s ity  reaches th e  l im it in g  va lu e
i , . , th e  c o n ce n tra tio n  o f  ions C = o a t  th e  in te r f a c e  i s  zero , and Lim x ’
an eq u a tio n  r e la t in g  th e  l im it in g  c u rre n t d e n s ity  to  th e  d if f u s io n  la y e r  
th ick n ess  can be w r i t t e n : -
i ,  . = -  n  F D C°   (2 .13)Lin, — —
T herefo re  i f  th e  l im it in g  c u rre n t d e n s ity  i s  known, th e  va lue  o f  th e  
N em st boundary la y e r  can be e s tim a te d .
2 .2 .5 . T h e 'e f fe c t  o f flow ing e le c t r o ly te  on th e  morphology o f  z in c  
e le c tro d e p o s ite d  from a z in ca te  s o lu t io n
Because th e  main a c tio n  o f  th e  Hydroson system  may be th e  pumping 
a c tio n  o f  th e  e le c t r o ly te  o th e r  work on th e  e f f e c t  o f  flow ing z in c  
e le c t r o ly te  i s  review ed. Naybour s tu d ie d  th e  e f f e c t  o f  e le c t r o ly te  flow
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on th e  aqueous a lk a l i  s o lu tio n  (19 .1  gL ^ ZnO, 325 gL ^ KOH). His 
work was s tim u la te d  by th e  need to  p re v e n t d e n d r i t ic  growth o f  z in c  du ring  
th e  rech arg in g  o f  z in c - a i r  c e l l s  ( s e c tio n  2 .1 3 )  D e n d ritic  growth occurs 
due to  the  fo rm ation  o f  a d if fu s io n  la y e r  d ep le ted  in  z in c  ions n ea r th e  
e le c tro d e  su rfa c e  which i s  v e iy  dependant on th e  hydrodynamic c o n d itio n s .
E le c tro d e p o s itio n  was c a r r ie d  o u t on s in g le  c r y s ta ls  o f  z in c  cu t to  
re v e a l th e  b a sa l p lan e  (0001). The flow  o f  e le c t r o ly te  was re g u la te d  by a
system  o f  v a lves to  o b ta in  flow  r a te s  up to  1 .6  ms (Reynolds Number Re
4 3= 1 .4  x 10 ) .  The flow  was found to  be lam inar below Re = 1 .6  x  10 .
3
Above Re = 2.5 x 10 tu rb u len ce  was w e ll developed.
The r e s u l t s  were summarized in  th e  form o f  a ’’phase" ty p e  diagram  
f ig .  9 , showing th e  e f f e c t  o f  e le c t r o ly te  flow r a te  and c u rre n t d e n s ity  on 
th e  d e p o s it morphology. The m orphologies produced were c l a s s i f i e d  in to  one 
o f  th re e  c a te g o r ie s : d e n d r i t ic ,  bulbous o r  f l a t .
The diagram  shows th a t  th e  use o f  flow ing e le c t r o ly te  enab led  a
- 2f l a t  d e p o s it to  be o b ta in ed  a t  c u rre n t d e n s i t ie s  as h ig h  as 4000 Am .
The r e s u l t s  a t  0 .5  Am i l l u s t r a t e  th e  change in  morphology produced by 
a lam inar flow . The d e n d r i t ic  d e p o s it a t  Re = 0 was m odified  to  a  bulbous 
d e p o s it  a t  Re = 1100 and was f l a t  by Re = 1600. 'N ay b o u r'p o s tu la ted  
t h a t  th i s  change in  morphology produced by lam inar flow c o n d itio n s  i s  
n o t s u rp r is in g  because th e re  i s  a la rg e  amount o f  tu rb u len ce  d u ring  
th e  e le c tro d e p o s it io n  o f  z in c ;> This i s  p r im a r i ly  due to  d e n s ity  changes 
in  th e  e le c t r o ly te  and to  hydrogen e v o lu tio n . He a lso  su g g ested  th a t  
a sharp  t r a n s i t io n  in  morphology when th e  e le c t r o ly te  flow  changes from 
lam inar to  tu rb u le n t  would be p rev en ted  f o r  th e  same reaso n .
68The r e s u l t s  were c o r r e la te d  w ith  work by Levich who c a lc u la te d  th a t  
under tu rb u le n t  co n d itio n s
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F ig . 9 Morphology as a fu n c tio n  o f  c u rre n t d e n s ity  
and flow v e lo c i ty .
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The d if f u s io n a l  flow  to  a p la te  -<v^*^ 
where v  = f l u i d  v e lo c i ty  
For lam inar flow 
The d if f u s io n a l  flow  to  a p la te
From Naybour’s r e s u l t s  in  th e  case  o f  th e  t r a n s i t io n  from bulbous
1 1to  d e n d r i t ic  growth, th e  c u rre n t d e n s ity  was p ro p o r tio n a l to  (Re) * 
fo r  Re > 2 0 0 0  and (R e)^‘  ^ f o r  Re <  2000. He th e re fo re  concluded th a t  in  
th e  l ig h t  o f  Levi c h ’s th eo ry  i t  i s  l ik e ly  th a t  one o r  th e  o th e r  o f  th e se  
i s  th e  locus o f  th e  o n se t o f  d if fu s io n  l im ite d  c u rre n t as a  fu n c tio n  o f  
f l u i d  flow  (R e).
2 .2 .6  The e f f e c t  o f cathode r o ta t io n  on e le c tro d e p o s it io n
I t  may be p o s s ib le  to  r e l a t e  th e  a c tio n  o f  th e  Hydroson system  to  
cathode r o ta t io n ,  so th i s  l i t e r a t u r e  i s  review ed. Very l i t t l e  work has 
been c a r r ie d  ou t on e le c tro d e p o s it io n  o f  z in c , so the  re le v a n t  work on 
copper and n ic k e l i s  b r i e f ly  d iscu ssed .
The use o f  cathode r o ta t io n  as a means o f  a g i ta t io n  has been  known 
fo r  a long tim e . I t  has found on ly  l im ite d  a p p lic a tio n s  in  commercial 
e le c t ro p la t in g  because th e  a r t i c l e s  to  be p la te d  a re  g e n e ra lly  i r r e g u la r  
in  shape.
69According to  Fink th e  d if fu s io n  la y e r  a t  th e  cathode must be
m ain ta ined  w ith in  f a i r l y  d e f in i te  l im i ts  o f  pH and th ick n ess  f o r  s u c c e s s fu l
e le c tro d e p o s it io n , and th i s  can be achieved  by r o ta t in g  th e  cathode a t
64
knowKspeeds. Drake determ ined the  d if fu s io n  la y e r  th ic k n e ss  a t  a r o ta t in g  
d isc  cathode (6 mm diam eter) f o r  th e  d e p o s itio n  o f  copper from a copper
su lp h a te  s o lu t io n . With no a g i ta t io n  a va lue  o f 200pm was o b ta in e d . This
-1 -1was reduced to  25pm a t  a speed o f  25.5 rads and 1.3pm a t  91.1  rads
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In  a d d itio n  to  reducing  th e  th ick n ess  o f  th e  d if fu s io n  la y e r ,  cathode 
r o ta t io n  p ro v id es  a  f r e s h  supply  o f  m etal ions to  th e  e le c tro d e . Hunt70 
showed th a t  th i s  e f f e c t  i s  more pronounced in  d i lu te  s o lu tio n s  th an  in  
co n cen tra ted  s o lu t io n s .
I t  has been found fo r  many m eta ls  th a t  cathode r o ta t io n  in c re a se s  
th e  maximum c u rre n t d e n s ity  and hence th e  d ep o sitio n  r a t e .  In  many 
cases th e  hardness was in c re a se d  and b r ig h t  d e p o sits  were o b ta in ed  w ith o u t 
any a d d itio n  ag en ts . P h i l l ip s 71s tu d ie d  th e  e f f e c t  o f  cathode m otion on 
th e  maximum c u rre n t d e n s ity  in  an a c id  copper b a th . In  a b a th  c o n ta in in g  
150 gL 1 o f  CuSO  ^ 5 ^ 0 ,  th e  maximum c u rre n t d e n s ity  th a t  gave s a t i s f a c to r y  
d e p o sits  a t  speeds o f  0 , 3 and 15.2 m min 1 and tem peratu res  o f  24°C and 
54°C was 2.6 and 5 .2 , 6 .5  and 7 .7 and 7.7 and 10.3 A dm  ^ re s p e c t iv e ly .  
Kenahan and S ch la in ^d ep o sited  copper on to  f l a t  r o ta t in g  cathodes a t  speeds 
up to  1800 r .p .m . from a s ta n d a rd  copper su lp h a te  e le c t r o ly te .  Fine g ra in e d , 
ad h eren t d e p o sits  were o b ta in ed  and th e  su rfa c e  was sm oother th an  d e p o s its  
o b ta in ed  in  an u l t r a s o n ic  f i e l d  a t  20 KHz. B u ild  up a t  th e  edges, however, 
was g re a te r  f o r  th e  r o ta t in g  e le c tro d e  th an  fo r  u l t r a s o n ic  a g i ta t io n .  The 
cathode and anode c u rre n t e f f ic ie n c ie s  were s im ila r  to  th e  v a lu es  o b ta in e d  
w ith  u l t r a s o n ic s .
72Calhane and Gammage found th a t  fo r  th e  e le c tro d e p o s it io n  o f  n ic k e l ,  
th e  c u rre n t e f f ic ie n c y  was reduced by cathode r o ta t io n .  B ennett e t  a l 7^ ’ 7  ^
suggested  th a t  th e se  low c u rre n t e f f ic ie n c ie s  were due to  f r e e  a c id  o r  
hydrogen io n s , and r o ta t in g  th e  cathode in c re a se d  the  r a t e  th a t  th e se  
ions were brought to  th e  cathode s u r f a c e . M athers and S tu rd ev an t 75 
con sid ered  th a t  th e  im p u r itie s  o f  th e  n ic k e l s a l t s  a re  th e  cause o f  th e  
low i n i t i a l  c u rre n t e f f ic ie n c ie s  w ith  s ta t io n a r y  cathodes and s t i l l  
low er e f f ic ie n c ie s  w ith  ro ta t in g  cathodes. According to  Ling Yang76 
who s tu d ie d  the  e f f e c t  o f  cathode r o ta t io n  on n ic k e l d e p o sited  from
a n ic k e l s u lp h a te /b o r ic  a c id  e le c t r o ly te ,  th e  reduced c u rre n t e f f ic ie n c y  
may be due to  lo s s  o f  c r y s ta l  o r ie n ta t io n  by ex cessiv e  c o d ep o s itio n  o f  
hydrogen.
77
Narasimhan and Udupa c a r r ie d  o u t experim ents on n ic k e l  d e p o s it io n  
from a W atts b a th  u sin g  r o ta t in g  cathode. They found th a t  th e  d e p o sits  
were b r ig h te r  than  those  found in  a  s ta t io n a r y  e l e c t r o ly te .  An in c re a se
in  th e  maximum c u rre n t d e n s ity  and hardness o f  th e  d e p o s it  was a lso  observed .
78 ■
N elsen and H olt a lso  found an in c re a se  in  b r ig h tn e ss  o f  n ic k e l d e p o s its
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by cathode r o ta t io n  in  a W atts b a th  c o n ta in in g  Tungsten. Fink used  an 
iro n  c h lo r id e  b a th  f o r  th e  d e p o s it io n  o f  i ro n  on a r o ta t in g  d is c  cathode 
and found th a t  b r ig h t  d u c t i le  d e p o sits  were o b ta in ed  a t  c u r re n t d e n s i t ie s  
o f  15 A dm- 2 .
79Zimmerman observed th a t  smooth d e p o sits  o f  z inc were o b ta in e d  from
a z inc  su lp h a te  b a th  u s in g  a r o ta t in g  cathode. The sm oothest d e p o s its
were o b ta in ed  by u sin g  a p a r t i t i o n  in  th e  c e l l  which p rev en ted  th e
e le c t r o ly te  from ta k in g  up a c ir c u la to ry  m otion to  correspond  w ith  th e
80cathode. Fink and L in fo rd  observed th a t  as th e  speed o f  r o ta t io n  
in c re a se d  th e  p o te n t ia l  o f  z inc  in  a  z inc  su lp h a te  s o lu t io n  became more 
noble  by as much as 15 mV a t  25°C. They suggested  th a t  t h i s  change 
in  p o te n t ia l  cou ld  be ex p la in ed  by th e  th eo ry  o f  P ro c o p iu ^ h e re  la y e rs  
o f  d i f f e r e n t  io n  co n cen tra tio n s  a re  p re s e n t in  th e  c lo se  p ro x im ity  
o f  th e  e le c tro d e . As th e  e le c tro d e  i s  r o ta te d  f a s t e r  and f a s t e r ,  t h i s  
non-un ifo rm ity  d isap p ears  and thus the  c o n ce n tra tio n  o f  ions in c re a se s  
g iv in g  a change in  th e  p o te n t ia l  as would be p re d ic te d  by th e  N em st 
eq u atio n  (2 .1 4 ) .
E = E° + RT In  C   (2 .14)
ZF
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E = e le c tro d e  p o te n t ia l
E° = s tan d a rd  e le c tro d e  p o te n t ia l
R = gas c o n s tan t
C = c o n ce n tra tio n  o f  ions in  s o lu tio n  
T = tem peratu re
Z = th e  number o f e le c tro n s  invo lved  in  th e  r e a c t io n
The use o f  r o ta t in g  cathodes in  th e  e le c tro d e p o s it io n  o f  a llo y s  has
82been review ed by Narasimham and Udupa. They concluded th a t  r o ta t io n  o f  
th e  cathode can d i r e c t ly  a f f e c t  th e  com position o f  th e  a l lo y  due to  th e  
decrease  in  th e  th ic k n e ss  o f  th e  cathode d if fu s io n  la y e r .
2 .2 .7  Mass t r a n s p o r t  eq u a tio n s  f o r  r o ta t in g  e le c tro d e s
In  s tu d y in g  th e  k in e t ic s  o f  e lec tro ch em ica l r e a c t io n s ,  one o f  th e  
problems i s  to  e lim in a te  th e  random e f f e c t s  due to  f r e e  convec tion  * 
in  th e  e le c t r o ly te .  These may develop by changes in  tem pera tu re  and d e n s ity  
o f  s o lu t io n  a t  th e  e le c t r o d e /e le c t r o ly te  in t e r f a c e . A common method o f  
e lim in a tin g  them i s  to  use  a R o ta tin g  D isc E lec tro d e  (RDE) in  which th e  
e le c tro d e  su rfa c e  i s  c i r c u la r  and ro ta te d  in  a h o r iz o n ta l  p la n e . The 
design  o f  th is  e le c tro d e  i s  such th a t  lam inar flow occurs over a v e ry  wide 
range o f  r o ta t io n  speeds and th e  t r a n s i t i o n  to  tu rb u le n t  flow  occurs a t  
Reynolds numbers 10^ <  Rec r^t <  10^.
Reynold’s number (Re) = R.U   (2 .15)
v
where R = ra d iu s  o f  th e  e le c tro d e
U = p e r ip h e ra l  v e lo c i ty  = WR 
(W = an g u lar v e lo c ity )  
v = k inem atic  v is c o s i ty  = T}/p
(r j=  c o e f f ic ie n t  o f v is c o s i ty )
( p= d en sity )
The th ick n ess  o f  th e  d if fu s io n  la y e r  i s  co n s ta n t over th e  su rfa c e  o f  a. 
RDE in  lam inar flow  and th e  c o n c e n tra tio n  d i s t r ib u t io n  i s  s ta t io n a iy  excep t 
a t  th e  edge. The use o f  th e  r in g  d is c  e le c tro d e  e lim in a te s  th i s  edge 
e f f e c t .  In  lam inar flow  th e  l im it in g  c u rre n t d e n s ity  ( i T^ m) i s  g iven  by 
L evich8^ s : -
Tim = ° ‘62 z F Co D (-^ f   <2-16)
where z = th e  number o f  e le c tro n s  invo lved  in  th e  r e a c t io n  
F = Faradays c o n s ta n t
C = th e  c o n ce n tra tio n  o f  th e  b u lk  s o lu tio n  o
D = th e  d if f u s io n  c o e f f ic ie n t
o r in  teim s o f  d im ension less group a n a ly s is
Sh = 0 .62  Re^ Sc*   (2 .17)
where Sh = Sherwood number = JR/DC ^
(J  = mass flu x )
Sc = Schmidt number = v/D
For tu rb u le n t  flow  th e  r e la t io n s h ip  i s  n o t so sim ple  b u t an 
approxim ate r e la t io n s h ip  i s
Sh ^  0 .01  Re0 ,9  Sc0-25   (2 .18)
For th e  R o ta tin g  C y linder E lec tro d e  (RCE) th e  hydrodynamic co n d itio n s  
a re  n o t so c le a r ly  d e fin ed  as fo r  th e  R.D.E. and Laminar flow  on ly  occurs 
a t  v e ry  low r o ta t io n  speeds (u su a lly  <  10 rp m ).
E arly  workers u s in g  r o ta t in g  rods and w ire  found th a t  = K Un
O i _ o o
where K i s  a c o n sta n t and n  had a v a lu e  o f  0 .67  -  0 .7  b u t cou ld
be as low as 0 .5  89,90 o r as h igh  as 0 .9  91 Roald and Beci?2 showed th a t
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f o r  d is s o lu t io n  o f  magnesium in  h y d ro ch lo ric  a c id , th e  r a te  o f  d is s o lu t io n  
was independant o f  r o ta t io n  speed . They a t t r ib u te d  th i s  to  th e  bubbles 
o f hydrogen causing  a d d it io n a l  a g i ta t io n .  King e t  a l9 3-9 9 showed th a t  fo r  
th e  d is s o lu t io n  o f z in c  and magnesium, n  = 0 .7  below 1000 rpm b u t as th e  
r o ta t io n  speed  in c re a se d  to  above about 1000 rpm th e  value  o f  n  1 and 
in  some cases no c o r r e la t io n  was ap p aren t 9 6 . Laterwork by King100,101 on
co rro s io n  and d is s o lu t io n  showed th a t  a t  h igh  ro ta t io n  speeds chem ical
r a th e r  th an  mass t r a n s p o r t  becomes r a te  c o n tro l l in g .
E isenberg  e t  a l 102,10^ tu d ie d  th e  io n ic  mass t r a n s f e r  and c o n c e n tra tio n  
p o la r iz a t io n  on r o ta t in g  c y lin d e r  e le c tro d e s . They looked a t  th e  f e r ro -  
c y a n id e /fe rr ic y a n id e  redox re a c t io n  and d eriv ed  an ex p re ss io n  f o r  i ^ m 
in  terms o f  p e r ip h e ra l  v e lo c i ty  U i . e .
Tim = ° - 0791 z F CQ U0 ' 7 |R |  ~0 -3  jvj "°-644 ............  (2 .19)
o r  in  terms o f  a  d im ension less a n a ly s is
Sh = 0.0791 Re0-7  Sc0 ’356 ............  (2 .20)
They used  a R.C.E. in  th e  conven tional arrangem ent which has an in n e r  
r o ta t in g  c y lin d e r  cathode enclosed  w ith in  a  c o n c e n tr ic  o u te r  anode and 
v a r ie d  the  le n g th  to  d iam eter r a t i o  o f  th e  cathode from 3 -  1 1 .6 .
Makrides and Hackerman10^ ’ 105in c lu d ed  a roughness f a c to r  (X) in to  
t h e i r  mass t r a n s p o r t  e q u a tio n :-
-2 f %- 0. 644i L = z F c [1.25 + 5.76 log  /% \1 "  / v
W  \D
U .........  (2 .21)
This r e la t io n s h ip  was d e riv ed  from s tu d ie s  o f th e  d is s o lu t io n  o f  m ild  
s t e e l  in  h y d ro ch lo ric  a c id  a t  very  h igh  r o ta t io n  speeds ( i . e .  U > 1 .5 8  ms ^) 
The l in e a r  dependance o f on th e  v e lo c i ty  was though t to  be a r e s u l t  
o f  su rfa c e  roughening which in c reased  w ith  r o ta t io n  speed . For re a c t io n s
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which do n o t inv o lv e  d is s o lu t io n ,  however, th e  roughness f a c to r  i s  n o t 
con sid ered  s ig n i f ic a n t  i f  a smooth p o lish e d  c y lin d e r  i s  u sed .
When losing mass tr a n s p o r t  equatio n s  o f  th e  type above, M izushina 
proposed th a t  th e  fo llow ing  c r i t e r i a  must be observ ed :-
i )  The re a c t io n  i s  d if fu s io n  c o n tro lle d
i i )  The re a c tio n  i s  s to ic h io m e tr ic  and th e  number o f e le c tro n s
in  ach iev in g  d isch arg e  i s  known and c o n s ta n t
i i i )  The currency  e f f ic ie n c y  i s  100%
iv ) A l im it in g  c u rre n t d e n s ity  can be c le a r ly  re a d  from a
p o te n t ia l  -  c u rre n t d e n s ity  p o la r iz a t io n  graph.
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CHAPTER 3 EXPERIMENTAL TECHNIQUES
3.1  Methods o f  a g i ta t io n
3 .1 .1  S t i l l  co n d itio n s
S ta t i c  co n d itio n s  were used  as a c o n tro l b o th  fo r  c lea n in g  and 
e le c tro d e p o s it io n  experim en ts . A ll experim ents under th e se  c o n d itio n s  
were c a r r ie d  o u t in  5 l i t r e  b e a k e rs . The tem peratu re  was c o n tro lle d  
by immersing th e  beakers in  a th e rm o sta ted  w a te r b a th .
3 .1 .2  M agnetic s t i r r i n g
M agnetic s t i r r i n g  was a lso  c a r r ie d  o u t in  5 l i t r e  beakers u s in g  
a ’Gallerikamp’ m agnetic s t i r r e r  u n i t .  A 0 .06  m long m agnetic fo llo w er 
was used  r o ta t in g  a t  a speed th a t  gave a flow  r a te  o f  0 .2 0  ms"'*' a t  
h a l f  th e  d is ta n c e  between th e  c e n tre  (o r ig in  o f  flow) and th e  b eaker 
w a lls .  The flow  r a te  was determ ined by f lo a t in g  p o ly s ty re n e  b a l l s  on 
th e  su rfa ce  o f  th e  s t i r r e d  s o lu t io n  and m easuring t h e i r  re v o lu tio n  
tim e and d is ta n c e  from th e  c e n tre . The tem pera tu re  was c o n tro l le d  
u s in g  th e  th e rm o sta ted  h o t p la te  o f  th e  m agnetic s t i r r e r  u n i t .
3 .1 .3  U ltra so n ic  a g i ta t io n
A s ta in le s s  s t e e l  u l t r a s o n ic  tan k  ( f i g .  10) was used  g iv in g  a 
f ix e d  frequency o f  13 KHz. I t  shou ld  be n o ted  th a t  13 KHz i s  n o t t r u e  
u ltra so u n d  in  th e  accep ted  sense  because th i s  i s  g e n e ra lly  d e fin e d  as 
sound having  a frequency g re a te r  th an  16 kHz. I t  does, however, behave 
e x a c tly  as u ltra so u n d  and u sin g  a low er frequency has th e  advantages o f  
reducing  th e  c a v i ta t io n  th re sh o ld  in te n s i ty  and th e  tendency to  form 
s tan d in g  waves. Even i f  they  do foim , th e  d is ta n c e  between th e  
nodes and an tinodes is  la rg e  compared w ith  th a t  in  a h ig h  frequency  
f i e l d  ( i . e .  0 .057 m a t  13 KHz) and th e re fo re  th e  change from maximum
53
.TRANSDUCER.
PROBE
TRANSDUCER
ELEMENT
to  minimum in te n s i ty  i s  le s s  ab ru p t.
IWo s ta in le s s  s t e e l  probes (0.125 m d iam eter) were mounted to  th e  
base  o f  th e  tank  and each probe was coupled w ith  f iv e  lam inated  
n ic k e l a l lo y  m a g n e to s tr ic tiv e  tra n s d u c e rs . The u l t r a s o n ic  in te n s i ty  
was c o n tro l le d  by means o f  a v a r ia c ,  which in  th e  maximum open p o s i t io n  
allow ed a power in p u t o f  720 W atts.
The sound in te n s i ty  w ith in  th e  tank  was determ ined by a c o u s tic  
c a lo r im e tiy . This method assumes th a t  v i r t u a l ly  a l l  th e  d is s ip a te d  
u l t r a s o n ic  energy i s  converted  to  h e a t energy because o f  th e  alm ost
com plete in te r n a l  r e f l e c t io n  a t  in te r f a c e s  in s id e  th e  c a lo r im e te r .
107The s u b s t i tu t io n a l  method was used  i n  which th e  c a lo r im e te r
was c a l ib ra te d  u sin g  a h e a tin g  c o i l .  A diagram  o f  th e  a c o u s tic  
c a lo r im e te r  i s  g iven  in  f i g .  11. The c a lo r im e te r  was f i r s t  c a l ib r a t e d  
by app ly ing  a range o f  D.C. c u rre n ts  to  th e  h e a tin g  c o i l  (19 gauge
1 .2  K anthal r e s is ta n c e  w ire ) .  The power was a p p lie d  f o r  a f ix e d  
tim e o f  3 m inutes ± Is  and tem peratu re  read ings were tak en  every  30 
seconds and con tinued  f o r  a f u r th e r  5 m inutes a f t e r  th e  u ltra so u n d  
was removed.
The c a lo r im e te r  was th en  immersed in  th e  e le c t r o ly te  0 .0 3  m 
d i r e c t ly  above one o f  th e  tra n sd u c e r  p ro b es . Care was tak en  to  ensu re  
th a t  no a i r  bubbles were trap p ed  below th e  a c o u s tic  window. The h e a tin g  
c o i l  was r e ta in e d  in  th e  c a lo r im e te r  d u ring  u l t r a s o n ic  a g i ta t io n  to  
m ain ta in  a c o n stan t therm al c a p a c ity . U ltra so n ic  i r r a d i a t i o n  was 
c a r r ie d  o u t a t  g iven  power in p u ts  fo r  3 m inutes ± Is  and th e  tem p era tu re  
r i s e  in  th e  o i l  was reco rded  a t  30 s in te r v a ls  f o r  8 m in u tes . For 
bo th  c a l ib r a t io n  and u l t r a s o n ic  i r r a d i a t i o n  th e  c a s to r  o i l  was s t i r r e d  
by hand w ith  th e  w ire  s t i r r e r  a t  a slow  r a te  (1 cy c le  p e r  sec) to  avo id  
in tro d u c in g  a i r  b u b b les.
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F ig . 11 A coustic  c a lo r im e te r
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V a ria tio n  o f  u l t r a s o n ic  in te n s i ty  in  th e  e le c t r o ly te  
w ith  e l e c t r i c a l  power to  th e  tra n sd u ce rs
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POWER INPUT 
TO TRANSDUCERS
CW)
HEATING CURVE 
SLOPE dG /dt
(C s " 1)
ULTRASONIC
POWER
(W)
ULTRASONIC
INTENSITY
(Wnf2)
108 8.5 x 10"4 0.65 359
150 1.35 x 10~3 0.94 519
220 2.31 x 10"3 1.46 807
260 3.05 x 10“ 3 1.95 1077
358 3.85 x 10"3 2.38 1315
Table 4 In p u t power to  th e  tran sd u ce rs  and u l t r a s o n ic  
in te n s i ty  a t  th e  a c o u s tic  c a lo r im e te r  window
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H eating  curves were p lo t te d  f o r  c a l ib r a t io n  ( f ig .  12) and u l t r a s o n ic
ra d ia t io n  ( f ig .  13) and th e  c a l ib r a t io n  curve o f  h e a tin g  r a te  ^  was
p lo t te d  a g a in s t  power in p u t from the  h e a tin g  c o i l  ( f ig .  14 ). Using th e
h e a tin g  r a te s  o b ta in ed  f o r  a g iven  power in p u t to  th e  tra n sd u c e r  (from
f i g .  13 ), th e  e q u iv a len t u l t r a s o n ic  power produced a t  th e  a c o u s tic
window was o b ta in ed  and th e  u l t r a s o n ic  in te n s i ty  c a lc u la te d  by d iv id in g
th i s  power by th e  a re a  o f  th e  window (Table 4 ) . A p lo t  o f  power in p u t
to  th e  tra n sd u ce rs  a g a in s t  in te n s i ty  f i g .  15 shows a l in e a r  r e la t io n s h ip .
In  a l l  th e  experim ents in v o lv in g  u l t r a s o n ic s ,  an e l e c t r i c a l  power in p u t
o f  150 w a tts  was used  co rrespond ing  to  an u l t r a s o n ic  in te n s i ty  o f  
- 2520 Wm . A more d e ta i le d  d isc u ss io n  o f  th i s  techn ique was g iven  by 
W alker and W alker 1 )^8.
C ontro l o f  th e  tem peratu re  in  th e  u l t r a s o n ic  tank  was n o t easy  
because th e  absence o f  flow  i n  th e  b u lk  s o lu t io n  made th e  use o f  a 
th e rm o sta ted  h e a te r  d i f f i c u l t .  In  th e  c lean in g  experim ents th e  
tem peratu re  was r a is e d  to  50°C, u s in g  a 1 Kw ceram ic h e a te r  and a 
uniform  tem pera tu re  d i s t r ib u t io n  was o b ta in ed  by manual s t i r r i n g .
The h e a te r  was th en  sw itched  o f f  and th e  s o lu t io n  allow ed to  r e tu r n  
to  s t a t i c  c o n d itio n s  b e fo re  th e  u l t r a s o n ic  c lean in g  was c a r r ie d  o u t. 
Because th e  immersion tim e fo r  c lean in g  was a maximum o f  f iv e  seconds, 
th e  h e a t lo ss  was n e g l ig ib le .  E le c tro d e p o s itio n  was c a r r ie d  o u t a t  
20°C which was th e  same as room tem peratu re  ± 1°C, so th a t  th e  
tem peratu re  change was very  'sm all-ev en -'fo r 'lo n g  p e rio d s  o f  p la t in g .
3 .1 .4  H ydrosonic a g i ta t io n
An 80 l i t r e  Hydroson u n i t  ( f ig .  1) was used fo r  a l l  exp erim en ta l 
work. In  a l l  experim ents on c lean in g  and e le c tro d e p o s it io n , th e  w orking 
su rfa ce s  were p o s it io n e d  a t  th e  fo c a l p o in t  o f  th e  upper two H ydrosonic 
j  e t s .
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In  ad d itio n  to  aco u s tic  energy, a considerable  amount o f h ea t energy
was produced by th e  Hydros on g e n e ra to rs . T herefore  to  c o n tro l th e
tem peratu re  in  th e  tan k  a s t e e l  co o lin g  c o i l  o f le n g th  10 m and in s id e  
-3diam eter 7 x  10 m was used . The s o lu t io n  tem peratu re  was r a is e d  to  th e  
re q u ire d  va lu e  w ith  th e  a id  o f  1 .5  Kw h e a te r ,  th en  the  flow  o f  co ld  
w a ter through the  co o lin g  c o i l  was a d ju s te d  to  keep th e  tem pera tu re  
co n sta n t a t  t h i s  v a lu e .
3.2 S urface c lea n in g  measurements
The c lean in g  s o lu t io n  used  in  th i s  work was a commercial medium 
duty  a lk a l i  so ak /sp ray  c le a n e r  su p p lie d  by Oxy M eta ls .
3 .2 .1  D is tr ib u tio n  o f c lean in g  e f f ic ie n c y  by an o p t ic a l  techn ique
0 /
This method was a m o d if ic a tio n  o f  th e  techn ique  o f  Pohlmann e t  a l
and g ives an in d ic a t io n  o f  th e  d i s t r ib u t io n  o f  contam inant on th e
su rfa c e  during  c lean in g  as opposed to  th e  t o t a l  w eight lo s s .  A ll
c lean in g  e f f ic ie n c y  de term in a tio n s  were made a t  50 t. 1°C on 8 .3  x
10.8 cm g la ss  p la te s .  These were f i r s t  degreased  in  t r ic h lo r o e th y le n e ,
washed in  Teepol, thoroughly  r in s e d  in  d i s t i l l e d  w a te r and d r ie d .
In  o rd e r to  o b ta in  o p t ic a l  d e n s ity  measurements an opaque contam inant-1
was u sed . A s o lu t io n  was p rep a red  co n ta in in g  p a r a f f in  wax (240 g l  )
and lam pblack (63 g l  ) in  th r ic h lo ro e th y le n e . This was sp ray ed  on
to  one s id e  o f  th e  g la ss  p la te s  from a Shandon la b o ra to iy  sp ray  gun
?to  g ive  a co a tin g  o f  0 .22  g+ 0.044 g p e r  100 cm a f t e r  th e  specim ens 
had been d r ie d  under a m e ta l lu rg ic a l  specim en d r i e r  fo r  5 m inutes to  
ensure  com plete ev ap o ra tio n  o f  th e  s o lv e n t . This techn ique was found 
to  g ive  a  rep ro d u c ib le  c o a tin g .
The coated  p la te s  were h e ld  in  th e  s o lu tio n s  w ith  a  wide jaw 
beaker clamp fo r  v a rio u s  len g th s  o f  tim e depending on th e  speed  o f  th e
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c lean in g  p ro c e ss : fo r  s t i l l  and s t i r r e d  co n d itio n s  3, 6 12 and 24 
m inutes and f o r  Hydros on and u l t r a s o n ic  c lean in g  1 , 2, 5 and 10 seconds 
In  th e  Hydroson tank  th e  p la te s  were p o s itio n e d  a t  th e  fo c a l p o in t  o f 
th e  upper two j e t s  ( f ig .  16) and in  the  u l t r a s o n ic  tank  th e  p la te s
HYDROSON
GENERATORS
GLASS PLATE
F ig . 16 P o s it io n  o f th e  g la ss  p la te  in  the  Hydroson tank
were p o s itio n e d  v e r t i c a l l y  0 .02 m above one o f  th e  tra n sd u c e r  p ro b es . 
C leaning e f f ic ie n c ie s  were determ ined in  w a te r , 1% and 5% a l k a l i  c le a n e r.
The appara tu s f o r  th e  d e te rm in a tio n  o f th e  o p t ic a l  d e n s ity
c o n s is te d  o f  two 12 cm d iam eter convex len ses  o f  fo c a l le n g th  20 cms,
a 6 v o l t  l i g h t  so u rce , a p h o to e le c tr ic  c e l l  and v o ltm e te r  f i g .  17.
A ll th e  measurements were made in  a  dark  room to  e lim in a te  any e x te rn a l
l i g h t  c o n tr ib u tio n  to  th e  p h o to c e ll v o lta g e . The g la s s  p la te s  were
h e ld  i n  a f ix e d  p o s i t io n  between th e  two len ses  and th e  v o lta g e  was
reco rded  corresponding  to  th e  in te n s i ty  o f  l i g h t  em erging -through th e
2whole a rea  o f  th e  p la te  (89.6  cm ) .  Three read ings were ta k en  f o r  
each p la te ,  th e  v o lta g e  fo r  a c lea n  p la te  (Vq) , f o r  th e  contam inated  
p la te  (V^) and fo r  th e  p la te  a f t e r  c lean in g  (V ^). The c lea n in g  
e f f ic ie n c y  fo r  th i s  techn ique  was c a lc u la te d  from th e  eq u a tio n  (3 .1 ):-
C leahing e f f ic ie n c y  Eo p t' = CV2 -  
CV0 -  v p
x 1001
(3.1)
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F ig . 17 Apparatus fo r  o p t ic a l  d e n s ity  measurements
p h o to e le c t r ic
c e l l
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l iq u id
drop eye
F ig . 18 The p r in c ip le  o f  th e  l iq u id  drop r e f le c t in g  goniom eter
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The v is u a l  appearance o f  th e  g la ss  p la te s  a f t e r  c lean in g  was a lso  
reco rd ed  by ta k in g  c o n ta c t p r in t s  d i r e c t ly  from th e  g la ss  p la t e  on to  
p h o to g raph ic  paper g iv in g  a re v e rse  image p r i n t .  The c lean  a reas  
appear as b lack  and th e  re s id u a l  d i r t y  a reas  as w h ite .
3 .2 .2  A ssessm ent o f  c lean in g  e f f ic ie n c y  by a g ra v im e tric  techn ique
This v a lu e  o f  c lean in g  e f f ic ie n c y  was th e  average p e rcen tag e  o f  
th e  w eight lo s s  o f  contam inant from th e  g la s s  p la te .  The experim ents 
were c a r r ie d  o u t a t  th e  same tim e as th e  o p t ic a l  d e te rm in a tio n  u sin g  
th e  same g la ss  p la te s .
Three w eigh ts were reco rd ed , th e  w eight o f  th e  c lea n  g la s s  s l id e  
(Wq) , th e  g la s s  s l id e  and contam inant (W )^ and th e  g la ss  s l i d e  a f t e r  
c lean in g  (T ^). The c lean in g  e f f ic ie n c y  was th en  c a lc u la te d  from 
th e  eq u atio n  (3.2):-
C leaning e f f ic ie n c y  Egra v % = (W^  -  W2 ) x 100%
(W-l -  WQ)   (3 .2 )
3 .2 .3  C ontact ang le  measurements
The c o n ta c t ang le  o f  a drop o f  l iq u id  on a su rfa c e  i s  ve ry  
s e n s i t iv e  to  sm all amounts o f  contam inant, even as l i t t l e  as a  m onolayer, 
and i s  th e re fo re  a  good measure o f  th e  f i n a l  c le a n l in e s s .
The c o n ta c t angle  o f  d i s t i l l e d  w a te r on th e  c le a n e s t  p la t e  f o r  each 
type o f  a g i ta t io n  was determ ined u s in g  a l iq u id  drop r e f l e c t io n  goniom eter.109 
The b a s ic  p r in c ip le  o f  th i s  in s tru m en t i s  th a t  when a l i g h t  beam i s  made 
to  impinge a long th e  same ax is  as th e  l in e  o f  s ig h t  on a drop o f  l iq u id  
on a su r fa c e , a  r e f le c t io n  o f  th e  l i g h t  beam i s  seen  ( f ig .  18) . As th e  
eye and l ig h t  source a re  low ered, th e  r e f l e c t io n  moves down th e  drop 
u n t i l  th e  in c id e n t l i g h t  beam reaches th e  edge o f  th e  drop and th e re
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is  no more r e f le c t in g  s u r fa c e . At th i s  p o in t  th e  r e f le c t io n  d isap p e a rs , 
and th e  ang le  th e  beam makes w ith  th e  v e r t i c a l  i s  equal to  th e  c o n ta c t 
ang le  0 .
E ig h t c o n ta c t ang le  d e te rm in a tio n s  were made on each p l a t e ,  and th e  
mean and s tan d a rd  d e v ia t io n  were c a lc u la te d . The c o n ta c t angle was a lso  
measured on an as re c e iv e d  g la ss  s l id e  a f t e r  hand washing in  n e a t 
d e te rg e n t (T eepol), r in s in g  in  d i s t i l l e d  w a te r and d ry ing .
3 .2 .4  Surface  te n s io n  measurements
The values o f  th e  su rfa c e  te n s io n  o f  d i s t i l l e d  w a te r , 1% a lk a l i  c le a n e r  
and 5% a lk a l i  c le a n e r  were m easured u s in g  a de Nouy to r s io n  b a lan c e 110.
5 .3  E le c tro p la t in g  techn iques
3 .3 .1  E le c tro ly te
The recommended com position and o p e ra tin g  co n d itio n s  o f  th e  commercial 
z in c a te  s o lu t io n  (su p p lie rs  IMASA) w e re :-
Zinc oxide 15 g /1
Sodium hydroxide 105 g /1
Bath pH 14
Bath tem pera tu re  20-30°C
2C urrent d e n s ity  2-3 A dm
Anode: Cathode a re a  r a t i o  1 : 1.5
The e le c t r o ly te  was made up to  th i s  c o n ce n tra tio n  in  d i s t i l l e d  
w a te r . The tem perature  was c o n tro l le d  a t  20 -  1°C fo r  a l l  the  
experim ents. D eposition  was c a r r ie d  o u t from th e  p la in  s o lu t io n  
as above, and a lso  from a s o lu t io n  co n ta in in g  commercial b r ig h te n e rs  
(a  m ix ture  o f  q u a te rn a ry  pyrid in ium  compounds and p o ly su lp h o n e ).
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3 .3 .2  E lec tro d e  p re p a ra t io n
Cathodes o f dim ension 0 .02  x 0 .03  m were c u t from m ild  s t e e l  sh e e t
_3
o f  th ic k n e ss  1 x  10 m (su p p lie rs  Pyrene Chemical S erv ices L t d . ) .
One s id e  was coated  w ith  ’Lacomit ’ to  g ive a w orking a re a  o f  6 x 10 ^m^. 
Perspex  s h e e t was bonded to  th e  back o f  th e  cathodes which were to  be 
su b je c te d  to  Hydrosonic and u l t r a s o n ic  a g i ta t io n  to  p rev en t removal o f  
th e  Lacomit.
The anodes were cu t from a n a la r  grade z in c  f o i l  (5 x 10"^m th ic k ) ,  
(S u p p lie rs  B.D.H. L td .) .  The cathodes were degreased  in  ace to n e , r in s e d , 
p ic k le d  in  50% h y d ro c h lo ric  a c id , r in s e d  in  d i s t i l l e d  w a te r  and when 
n ecessa ry , d r ie d  w ith  an e l e c t r i c  h o t a i r  fan  and weighed ( to  fo u r 
decim al p la ce s )  b e fo re  e le c t ro p la t in g .
3 .3 .3  E lec tro d e  arrangem ent
The e le c tro d e  s e p a ra tio n  was 0 .05  m excep t f o r  th e  p o la r iz a t io n  and 
throw ing power experim ents which a re  d e sc rib ed  in  th e  a p p ro p ria te  s e c t io n s .
In  th e  m ag n etica lly  s t i r r e d  b a th  th e  e le c tro d e s  were a rranged  to  g ive  
a flow  o f  20 cm s acro ss  the  cathode s u r fa c e . In  th e  Hydroson b a th  
th e  e le c tro d e s  were p o s it io n e d  a t  th e  fo c a l p o in t  o f  th e  upper two j e t s  
( f ig .  19) and in  th e  u l t r a s o n ic  b a th  th e  e le c tro d e s  were h e ld  v e r t i c a l l y
ANODE
CATHODE
F ig . 19 P o s it io n  o f  th e  e le c tro d e s  in  th e  Hydroson tank
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0.02  m above th e  su rfa c e  o f  one o f  th e  p ro b es . Whenever p o s s ib le , th e  
e le c t ro p la t in g  c e l l s  from each b a th  were connected in  s e r ie s  to  allow  
f o r  any changes due to  f lu c tu a tio n s  in  c u rre n t.
3 .3 .4  P la t in g  tim e
D ire c t c u r re n t was su p p lie d  to  th e  e le c tro d e s  by a s t a b i l i s e d  D.C. 
power su p p ly . The p la t in g  tim e re q u ire d  to  produce a g iven  d e p o s it 
th ic k n e ss  was c a lc u la te d  from th e  eq u atio n
t  = 60 d p   (3 .3 )
E in
t  = p la t in g  tim e (min) 
d = d e p o s it th ick n ess  (pm)
-1
E = e lec tro ch em ica l e q u iv a len t o f  z in c  from a z in c a te  bath»1 .219  g Ah
-3p = d e n s ity  o f  z inc  g cm
_2
i  = c u rre n t d e n s ity  A dm 
n = ca th o d ic  c u rre n t e f f ic ie n c y
_2
A c u rre n t d e n s ity  o f  2 A dm and a p la t in g  tim e o f  18.5 m inute would
be re q u ire d  to  g ive a  d e p o s it th ick n ess  o f  10pm assuming a c u r re n t  e f f ic ie n c y  
60o f 95% . This va lue  i s  only  approxim ate, however, because th e  c u r re n t
e f f ic ie n c y  may v ary , and in  p r a c t ic e  th e  d e p o s its  were th ic k e r  a t  th e  
edges th an  a t  th e  c e n tre  due to  prim ary c u rre n t d i s t r ib u t io n .  C urren t 
l im ito r s  would p rev en t th i s  e f f e c t ,  b u t would a lso  d is tu rb  th e  a g i ta t io n  
and th e re fo re  were n o t used .
3 .4  P o la r iz a t io n  measurements
P o la r iz a t io n  measurements were made w ith  a Wenking S tandard  
P o te n t io s ta t .  A p la tinum  co u n ter e le c tro d e  and calom el re fe re n c e  e le c tro d e  
were used  w ith  th e  working e le c tro d e  be in g  m ild  s t e e l  f o r  c a th o d ic
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measurements and z in c  fo r  th e  anodic m easurem ents. The w orking e le c tro d e s
_3
were c y l in d r ic a l ,  o f  d iam eter 6 x 10 m, and mounted in  an a r a ld i t e  
s le e v e  to  expose a c i r c u la r  s u r fa c e . They were p o lish e d  w ith  600 grade 
emeiy p a p e r , l ig h t ly  lapped  w ith  6 x 10 ^ m diamond p a s te  and washed 
thoroughly  b e fo re  u se . The co u n te r e le c tro d e  was c leaned  w ith  50% n i t r i c  
a c id  and thoroughly  r in s e d  b e fo re  u se . In  a l l  b a th s  th e  working e le c tro d e  
and co u n te r e le c tro d e  were h e ld  0 .0 3  m a p a r t  w ith  th e  re fe re n c e  e le c tro d e  
between and s l i g h t ly  above them. The p o s i t io n  o f  th e  e le c tro d e s  in  the  
d i f f e r e n t  b a th s  was as d e sc rib ed  in  s e c t io n  8 .3 .3 .
For anodic p o la r iz a t io n ,  th e  o v e rp o te n tia l  was in c re a se d  in  20 mv 
s te p s  above the  r e s t  p o te n t ia l  o f  z in c  (-1 .45v) fo r  th e  f i r s t  120 mv 
th en  in  40 mv s te p s  up to  1000 mv. For ca th o d ic  p o la r iz a t io n  th e  p o te n t ia l  
was made more n eg a tiv e  in  40 mv s te p s  compared w ith  th e  r e s t  p o te n t ia l  o f  
m ild  s t e e l  (-0 .7 5  -  0.05 v ) . The im p o rtan t re g io n  o f  th e  curve when 
determ in ing  l im it in g  c u rre n t d e n s i t ie s  i s  th a t  a t  p o te n t ia ls  above -1 .4 5  v
i . e .  when com plete coverage o f  th e  s t e e l  by th e  z inc d e p o s it  has o ccu rred . 
S epara te  p o la r iz a t io n  measurements were a lso  made fo r  th i s  p a r t  o f  th e  cu rv e . 
This was ach ieved  by p la t in g  a la y e r  o f  z in c  a t  -1 .5 2  v  fo r  f iv e  m inutes 
th en  in c re a s in g  th e  ca th o d ic  p o la r iz a t io n  fo r  a  f u r th e r  500 mv in  20 mv 
s te p s  fo r  th e  f i r s t  100 mv then  40 mv s te p s  th e r e a f te r .  For a l l  m easurem ents, 
th e  p o te n t ia l  was s e le c te d  and th e  c u rre n t re ad in g  was tak en  a f t e r  one 
m inute to  allow  the  va lue  to  reach  e q u ilib riu m .
3.5  C urren t e f f ic ie n c y
The c u rre n t e f f ic ie n c y  was determ ined by p a ss in g  a known q u a n t i ty  
o f  e l e c t r i c i t y  through th e  e le c t r o p la t in g  c e l l  and comparing th e  in c re a s e  
in  w eigh t a t  th e  cathode fo r  cathode e f f ic ie n c y  and decrease  i n  w eigh t 
a t  th e  anode f o r  anodic e f f ic ie n c y  w ith  th e  th e o r e t ic a l  w e ig h ts . The 
q u a n tity  o f  e l e c t r i c i t y  which was s ta n d a rd iz e d ,' was m easured by co n n ec tin g
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a copper coulom eter in  s e r ie s  w ith  th e  z in c  c e l l .  The copper coulom eter 
c o n s is te d  o f  two copper e le c tro d e s  in  a s o lu t io n  o f  copper su lp h a te  
(125 g l  ^) and su lp h u r ic  a c id .
D eterm inations w ere made f o r  th e  b a th  w ith o u t b r ig h te n e rs  a t  c u r re n t
d e n s i t ie s  up to  th e  maximum c u rre n t d e n s ity  ( s e c tio n  3.6) and fo r  th e
_2
b a th  w ith  a d d itiv e  b r ig h te n e rs  a t  2, 5, 10, 20 and 40 and 50 A dm .
-4  2E lec tro d es  o f  a re a  12 x 10 m were used  a t  th e  lower c u rre n t d e n s i t ie s
-2  -4  2o f  2 and 5 A dm w h ile  sm a lle r  specimens o f  a re a  2 .2 x 10 m were
used  f o r  o th e r  measurements. D eposition  was confined  to  one s id e  by
backing  the  specimens w ith  a  pe rsp ex  s h e e t .  The e le c tro d e s  were
p rep a red  and arran g ed  in  th e  b a th  as d e sc rib ed  in  s e c tio n s  3 .3 .2 -  and
3*3 >3. To p rev en t any d is s o lu t io n  o f th e  d e p o s it a f t e r  p la t in g  th e
e le c tro d e s  were removed w ith  th e  c u rre n t s t i l l  flow ing.
5.6 Maximum c u rre n t d e n s ity
This i s  d e fin ed  as th e  maximum c u rre n t d e n s ity  a t  which a smooth,
even d e p o s it  can be o b ta in e d . I t  was determ ined v is u a l ly  by p roducing
a s e r ie s  o f  d e p o s its  o f  th ick n ess  1 x  10 ^ m a t  in c re a s in g  c u rre n t 
_2d e n s i t ie s  (1 A dm in te rv a ls )  u n t i l  th e  f i r s t  s ig n s  o f  a rough 
uneven su rfa ce  were observed . This occu rred  i n i t i a l l y  a t  th e  edges 
o f  th e  e le c tro d e .
5 .7  Throwing power
This i s  a  measure o f  th e  a b i l i t y  o f  a e le c t r o p la t in g  s o lu t io n  to  
produce d e p o sits  o f more o r  le s s  uniform  th ic k n e ss . A good throw ing 
power i s  p a r t i c u la r ly  im portan t on i r r e g u la r  shaped ca th o d es . I t  
was measured w ith  an open s id ed  m o d if ica tio n  o f  the  H aring Blum 
c e l l , f i g .  20. This was necessa ry  because in  th e  u su a l c lo se d  w a ll 
design , th e  tu rb u le n t e f f e c t  o f  Hydrosonic a g i ta t io n  cou ld  n o t be s tu d ie d .
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-4  2Zinc was p la te d  on to  two cathodes o f  a re a  12 x 10 m a t  d is ta n c e s  
2 2o f  2 x 10 m and 10 x 10 m from a common anode. The F ie ld  fo rm ula112 
(eq u a tio n  3 .4) was used to  c a lc u la te  the  throw ing power from th e  m eta l
d i s t r ib u t io n  r a t i o ,  i . e .  th e  r a t i o  o f  the  mass o f  m etal d e p o s ited  on th e
n ea r and f a r  cathodes (Mn/M£) .
Throwing power = K -  Mn
_______ Mf  . 1001 .........  (3 .4 )
K + M -  2n
M£
K = r a t i o  o f  th e  e le c tro d e  d is ta n c e s
Mn = mass o f  m eta l d ep o s ited  on th e  n e a r cathode
M£ = mass o f  m eta l d ep o sited  on th e  f a r  cathode
U sually  th e  c e l l s  a re  designed  so  t h a t  K = 5 . Using th i s  form ula 
a t o t a l l y  uniform  d e p o s it has a throw ing power o f  100%.
3 .8  O p tic a l m icroscopy
T ypical a reas  were c u t from th e  c e n tre  o f  th e  cathodes and w ere 
mounted in  b a k e l i te  to  show a h o r iz o n ta l  c ro ss  s e c t io n . Using 
co n v en tional m e ta l lu rg ic a l  techn iques th e  specimens were ground on a
s e r ie s  o f carborundum papers (120, 240 and 600 grade) th en  p o lis h e d
“6 *”6 on a lap  w ith  6 x 10 m fo llow ed  by 1 x 10 m diamond p a s te .  F in a lly
they  were e tch ed  in  0.5% N ita l  s o lu t io n  th en  examined w ith  a Z eiss
U ltrap h o t o p t ic a l  m icroscope. Photographs were tak en  on 3 .5  x 4.75 in ch
p la te s  u s in g  I l f o r d  SP 348 f ilm .
3.9 Scanning E le c tro n  Microscopy
The su rfa ce s  o f  th e  d e p o sits  were s tu d ie d  w ith  a Cambridge S te re o s  can 
Mk 2 scann ing  e le c tro n  m icroscope.
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Areas o f  th e  d e p o s it 0 .01  m square  were c u t from th e  c e n tre  o f  the  
cathode, and w ere mounted on c i r c u la r  specimen s tu b s  w ith  double 
s id e d  adhesive ta p e . The edges o f  th e  samples were e a r th e d  w ith  
c o l lo id a l  s i l v e r  p a in t  to  p rev en t charg ing  in  th e  m icroscope. These 
s tu b s  were mounted on a specim en s ta g e  th a t  allow ed x ,y  and t  ( v e r t ic a l )  
movement in  a d d it io n  to  a 360° r o ta t io n  0 to  90° t i l t  towards th e  e le c tro n  
c o l le c to r .
Exam ination o f  th e  su rfa c e s  a t  45° t i l t  was c a r r ie d  o u t a t  an 
e le c tro n  a c c e le ra t io n  p o te n t ia l  o f  20 Kv u s in g  a 2 .0  x  10 ^ m a p e ra tu re .
The specim en image was observed on a f lu o re s c e n t  s c ree n  and reco rd ed  
w ith  a 35 mm camera on I l f o r d  FP4 f i lm .
3.10 MLcrohardness measurements
An Akashi m icrohardness t e s t e r  was used to  measure th e  hardness
w ith  a 25 g lo ad . Measurements were tak en  on 7 x  10 ** m c ro ss  s e c tio n s .
mounted in  b a k e l i te .  The su rfa ce s  were ground to  600 grade g r i t ,  th en
“6l ig h t ly  lapped w ith  6 x 10 m diamond p a s te .  This p re p a ra t io n  produced 
a w e ll formed diamond w ith  c le a r ly  d e fin ed  d ia g o n a ls . Ten read in g s  were 
tak en  on each specim en and th e  mean and s ta n d a rd  d e v ia tio n s  w ere c a lc u la te d . 
The in s tru m en t was c a l ib r a te d  u sin g  a s tan d a rd  s t e e l  specim en o f  known 
h a rd n ess .
When ta k in g  m icrohardness measurements on a d e p o s it la y e r ,  th e  
c r i t e r io n  to  ensure th a t  no in te r fe re n c e  occurs from th e  s u b s t r a te  
o r  th e  specimen mount i s  th a t  th e  c ro ss  s e c t io n a l  th ic k n e ss  o f  th e  
la y e r  must be. a t  l e a s t  tw ice as th ic k  as th e  d iagonal le n g th  o f  th e  
diamond in d e n t. The len g th  o f  the  d iagonal can be o b ta in ed  from th e  
eq uation :
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Hv = 1854.4 x P (3.5)
d = le n g th  o f th e  d iagonal ( m)
P = lo ad  on the  diamond (g)
- 2Hv = V ickers hardness Kg mm
The low est m icrohardness value  ( i . e .  maximum in d e n t d iag o n al) was
-2  -551 Kg mm which corresponds to  a d iagonal len g th  o f  3 x 10 m which
i s  le s s  than  h a l f  th e  d e p o s it  th ick n ess  (7 x 10  ^ m ).
3.11 X-ray a n a ly s is
3 .1 1 .1  I n te r n a l  s t r e s s  by X-ray d iff ra c to m e try
X-ray d iff ra c to m e try  was c a r r ie d  ou t in  o rd e r  to  show any change 
in  th e  in te r n a l  s t r e s s  o f  th e  d e p o s its  due to  th e  type o f  s o lu t io n  
a g i ta t io n .  In  a c r y s ta l  l a t t i c e  w ith  no s t r a in s  f i g .  21a, a d i f f r a c t i o n  
l in e  i s  g iven  by a s e t  o f  tra n sv e rse  r e f le c t in g  p lanes w ith  an 
e q u ilib riu m  l a t t i c e  spac ing  d
a) No s t r a i n
b) Uniform s t r a i n
F ig . 21. 
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c) N on-uniform 'Strain
I f  th e  l a t t i c e  i s  g iven  a uniform  s t r a i n  in  a d i r e c t io n  
p e rp e n d icu la r  to  th e  p la n e s , th e  l a t t i c e  spac ing  d i s  in c re a se d , 
r e s u l t in g  in  a s h i f t  i n  the  d i f f r a c t io n  l in e  to  a lower 20 ang le  
( f ig .  21b). In  the  case o f  a non-uniform  s t r e s s  in  some a reas  th e  d 
spac ing  i s  reduced  and o th e rs  i t  i s  in c re a se d . These v a lu es  o f  d 
which d i f f e r  from th e  e q u ilib riu m  va lue  dQ cause v a rio u s  sharp  
d i f f r a c t io n  l in e s  in d ic a te d  by th e  d o tte d  l in e s  in  f i g .  21c. The sum 
o f  th e se  d o tte d  l in e s ,  each s l ig h t ly  d isp la c e d  from each o th e r ,  i s  th e  
broadened d i f f r a c t io n  l in e  which i s  seen  ex p e rim en ta lly .
The non -un ifo rm ity  o f  th e  s t r a i n  can be r e la te d  to  th e  b roaden ing  
by d i f f e r e n t ia t in g  th e  Bragg Law (eq u a tio n  3 .6 ) .
b = -2Ad tan 0    (3 .6 )
When u sin g  X-ray l in e  b roadening  to  measure m ic ro s tre s s , th e  g ra in
s iz e  on p a r t i c l e  s iz e  must be co n sid e red . I f  th e  s iz e  o f  th e  in d iv id u a l
-7  0c ry s ta ls  i s  le s s  than  10 m (1000 A) th e  c r y s ta l  s iz e  a lone can 
c o n tr ib u te  to  th e  l in e  b roadening . The e x te n t o f  th i s  b roaden ing  i s  
g iven  by:
B = 0 .9  X   (3 .7 )
t  COS0
where A = w avelength o f  th e  X -rays, t  = th ic k n e ss  o f  th e  c r y s t a l .
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X-ray d if f ra c to m e te r  tra c e s  were o b ta in ed  fo r  d e p o s its  o f th ick n ess  
-51 x 10 m u s in g  a P h il ip s  X-ray d if f ra c to m e te r  w ith  Cu K r a d ia t io n  
(36 Kv, 25 mi H i  am ps). For each sample a t ra c e  was run  w ith  2 0 values 
from 0-140°. The {1010} and {1011} d i f f r a c t io n  l in e s  were chosen fo r  
th e  broadening  measurements a t  2 0 v a lu e  o f  39.04 and 43.22 re s p e c t iv e ly .  
These d i f f r a c t io n  l in e s  were expanded on an X16 s c a le .
The o<^ and c<  ^ peaks were se p a ra te d  by R ach inger1 s Method113 
and th e  in te g r a l  b read th s  o f  th e  o<^ peaks were o b ta in ed  by d iv id in g  
th e  a re a  o f  the  peak by th e  w id th  a t  h a l f  th e  peak h e ig h t .  Line 
broadening  due to  th e  in s tru m en t was determ ined by m easuring th e  
in te g r a l  b re a d th  o f  th e  {1010} and {1011} l in e s  f o r  an annealed  
z inc  sam ple.
X-ray d if f ra c to m e tiy  was a lso  used to  id e n t i f y  th e  f i lm  formed on 
th e  z inc  anodes a t  h ig h  c u rre n t d e n s i t i e s .
3 .1 1 .2  D eterm ination  o f p re fe r r e d  o r ie n ta t io n  by X-ray back r e f l e c t io n
The s ta n d a rd  X-ray back r e f l e c t io n  techn ique was used  11Zf . D eposits
(7 x  10  ^ m th ick ) were p rep a red  on 0 .02  x 0 .0 3  m cathodes a t  a  c u r re n t 
_2
d e n s ity  o f  2 A dm . F i l te r e d  copper r a d ia t io n  was produced by a P h il ip s  
P.W. 1130/90 X-ray g e n e ra to r  u s in g  an anode v o lta g e  o f  30 Kv and anode 
c u rre n t o f  15 mA. The sample was i r r a d ia te d  w ith  th e  su rfa c e  90° to  th e  
in c id e n t  X-ray beam, and the  back r e f l e c t io n  image was o b ta in e d  on a 
0 .01  x 0 .01  m f ilm  a t  a d is ta n c e  0 .03  m from th e  specimen s u r fa c e .
The photographs d id  n o t show any s ig n s  o f  a rch in g  o f  th e  Debye r in g s  
which would be in d ic a t iv e  o f  p re fe r re d  o r ie n ta t io n ,  and th e  s tu d y  was 
n o t tak en  any f u r th e r .
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3.12 D eposition  on a r o ta t in g  c y lin d e r  e le c tro d e
The appara tu s fo r  cathode r o ta t io n  i s  shown in  f i g .  22. R o ta tio n  
was ach ieved  by a v a r ia b le  speed e l e c t r i c  m otor, the  speed  o f  which 
was measured by a tachom eter. The s t e e l  ro d  cathodes were a tta c h e d  
to  th e  m otor by a chuck, and e l e c t r i c a l  c o n ta c t was made between 
the  cathode and th e  D.C. power supply  by sprung carbon b ru sh e s . For
su rfa c e  appearance s tu d ie s ,  th e  working a re a  o f  th e  cathode was 2.04 x 10"^m^
-3  -5 2f o r  a c y lin d e r  d iam eter o f  6 .5  x 10 m. Working a reas  o f  5 .37 x 10 m
were used fo r  p o la r iz a t io n  measurements to  be c o n s is te n t  w ith  th e  o th e r
>> '
p o la r iz a t io n  s tu d ie s  (s e c tio n  2 .5 ) .  The end and rem aining le n g th  o f  th e  
immersed c y lin d e r  was co a ted  w ith  a  th in  la y e r  o f  A ra ld ite  to  p re v e n t 
d e p o s it io n . The anode was pure  z inc  s h e e t.
D eposition  was c a r r ie d  o u t i n  a f iv e  l i t r e  b eaker under th e  same 
co n d itio n s  as d e sc rib ed  p re v io u s ly . (S ec tio n  3 .3 ) . R o ta tio n  speeds 
were v a r ie d  between 100 r .p .m . and 3000 r .p .m .
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CHAPTER 4 SURFACE CLEANING RESULTS AND DISCUSSION
4.1  R esu lts
4 .1 .1  C leaning e f f ic ie n c y
I t  can be seen  from va lu es  o f  c lean in g  e f f ic ie n c y  determ ined
by bo th  th e  g ra v im e tric  and o p t ic a l  techn iques given in  Table 5, t h a t ,
as expected , th e  c lea n in g  e f f ic ie n c y  in c re a se s  w ith  tim e. The main
fe a tu re  o f  th e se  r e s u l t s  i s  t h a t  th e  tim e re q u ire d  to  o b ta in  a
p a r t i c u l a r  le v e l  o f  c lean in g  e f f ic ie n c y  i s  g re a t ly  reduced by 
*
fyd roson ic  and u l t r a s o n ic  a g i ta t io n .  For example an e f f ic ie n c y  (E ^ ^ )  
o f  22% i s  o b ta in ed  a f t e r  24 m inutes c lean in g  in  s t i l l  1% a lk a l i  
s o lu t io n , about 6-7 m inutes in  th e  m ag n e tica lly  s t i r r e d  s o lu t io n ,  1-2 
seconds in  Hydrosonic a g i ta t io n  and 0 .5 -1  seconds in  u l t r a s o n ic  a g i ta t io n .  
Thus under th e se  p a r t i c u la r  c o n d itio n s , e i th e r  Hyrd ro son ic  o r  u l t r a s o n ic  
c lean in g  in c re a se s  th e  c lean in g  e f f ic ie n c y  about 3 6 0 -fo ld  compared w ith  
m agnetic s t i r r i n g .
4 .1 .2  D is tr ib u tio n  o f  c lean in g
The v is u a l  appearance o f  th e  g la ss  p la te s  a f t e r  c lean in g  i s  
i l l u s t r a t e d  by th e  photographs in  f ig u re  23. Note th a t  th e se  a re  
c o n tac t p r in t s  so th a t  th e  c lean  a reas  appear as b lack  and th e  
contam inated a reas  as w h ite  on th e  photographs.
4 .1 .3  C ontact angle  measurement
The c o n ta c t ang le  o f  d i s t i l l e d  w a ter on th e  c le a n e s t  g la s s  p la te  
fo r  each type o f  a g i ta t io n  i s  g iven  in  Table 6 . I t  i s  in t e r e s t in g  to  
n o te  th a t  th e  form o f  a g i ta t io n  has v i r t u a l ly  no e f f e c t  on th e  c o n ta c t 
an g le . The a d d itio n  o f  1% a l k a l i  to  th e  w a ter c le a n e r , however, 
h a lv ed  th e  v a lu e  o f  th e  c o n ta c t an g le . In c re a s in g  th e  c o n c e n tra tio n
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CLEANING SOLUTION
WATER 1% ALKALI 51 ALKALI
STILL 44° ±1 21° ±1 19° ±1
STIRRED 43° 22° 20°
HYDROSON 44° 21° 18°
ULTRASONIC 42° 20° 18°
A p r e t r e a te d  g la ss  s l id e  gave a c o n tac t ang le  o f  15°. ± 1 .
Table 6 C ontact Angle Measurements
SURFACE TENSION (x 10 2 Nnf1)
WATER 7.1
.1% ALKALI CLEANER 4.2
SI ALKALI CLEANER 4.2
Table 7 Surface  Tension Measurements
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to  5% gave no fu r th e r  reduction .
4 .1 .4  S urface te n s io n  measurements
The experim ental v a lu es  o f  su rfa c e  te n s io n  fo r  d i s t i l l e d  w a te r , 1% 
and 5% a lk a l i  c le a n e r  a re  g iven  in  Table 7. The experim en tal v a lu e  fo r  
d i s t i l l e d  w a ter i s  in  good agreem ent w ith  th e  th e o r e t ic a l  va lu e  
o f  7.275 x  lC f2 Nnf1 . 115
4 .2  D iscussion
I t  i s  i n te r e s t in g  to  n o te  th a t  th e  r e s u l t s  produced by th e  g ra v im e tric  
and o p t ic a l  method gave d i f f e r e n t  va lu es  f o r  th e  c lean in g  e f f ic ie n c y . In  
g en era l th e  v a lu e  o b ta in ed  by th e  o p t ic a l  techn ique  i s  g r e a te r  th an  th e  
g ra v im e tric  v a lu e . This i s  p robab ly  due to  th e  f a c t  th a t  th e  o p t ic a l  
va lue  in c re a se s  when th e  contam inant i s  removed from one a re a  o f  th e  
p la te .  The g ra v im e tric  v a lu e  a lso  in c re a se s  i f  th e  contam inant rem ains 
in  so lu tio n  s .b u t i f  i t  i s  on ly  moved to  o th e r  a re a s  o f  th e  p la te  th e re  
w i l l  be no change in  th e  w e ig h t. Thus th e  g ra v im e tric  v a lu e  g ives an 
average f ig u re  fo r  th e  removal o f  contam inant w hereas th e  o p t ic a l  v a lu e  
i s  a f fe c te d  by th e  d i s t r ib u t io n .
The d if fe re n c e  between th e  two v a lues i s  p a r t i c u la r ly  la rg e  f o r  
u l t r a s o n ic  a g i ta t io n  u sin g  w a te r as a  c lean in g  medium. I t  i s  co n sid e red  
th a t  th e  pow erful shock waves produced by c a v i ta t io n  a llow  th e  s o i l  to  
be ra p id ly  d isp la ce d . The flow  o f  s o lu t io n  due to  m icrostream ing , 
which p rov ides a supply  o f  f r e s h  s o lu t io n  to  th e  in terface-*  i s  in s u f f i c i e n t  
to  c a r iy  th e  d isp la ce d  contam inant away from th e  s u rfa c e . Thus, when 
w a ter was used as a c lean in g  medium, th e  d isp la c e d  contam inant co ag u la ted  
in to  g lobu les o f  d iam eter 1-5 mm and th e se  c o l le c te d  on th e  g la s s  p l a t e  
a t  th e  an tinodes o f  a s tan d in g  wave formed in  th e  u l t r a s o n ic  tan k  ( f i g .  23a). 
The a d d itio n  o f  a lk a l i  c le a n e r  reduced th e  tendency o f  th e  s o i l  to
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co ag u la te  ( f i g .  23b and c) by reducing  th e  su rfa ce  te n s io n  (Table 7 ) .
The pow erful a c tio n  produced by th e  ra p id  flow  o f  s o lu tio n  in  th e  Hydros on 
tank  probably  removes th e  contam inant from th e  s u r fa c e . The tu rb u le n t  
flow  a lso  h e lp s  to  m a in ta in  th e  s o i l  i n  s o lu t io n  so th a t  th e re  i s  a
b e t t e r  agreem ent between E and E . .6 g rav  o p t
In  th e  s t i l l  s o lu t io n ,  l i t t l e  d if fe re n c e  was observed in  th e  
r e l a t iv e ly  low v a lues o f  c lean in g  e f f ic ie n c y  o f  w a te r , 1% and 5% a lk a l i  
c le a n e r . In  th e  m ag n e tica lly  s t i r r e d  s o lu t io n  th e re  was an in c re a s e  in  
c lean in g  e f f ic ie n c y  u sin g  1% a lk a l i  c le a n e r , b u t very  l i t t l e  advantage in  
r a is in g  th e  c o n ce n tra tio n  to  5% u n le ss  a long  immersion tim e was u sed .
I t  i s  con sid ered  th a t  th i s  r e s u l t  may be due to  th e  f a c t  th a t  th e  
w e t ta b i l i ty  o f  th e  c lean in g  s o lu t io n  i s  th e  im portan t f a c to r  in  th e  
c lean in g  p rocess under c o n d itio n s  o f  g e n tle  a g i ta t io n  produced by 
m agnetic s t i r r i n g .  The w e t ta b i l i ty  o f  th e  c lean in g  s o lu tio n s  was 
determ ined by m easuring th e  su rfa c e  te n s io n . A good w e ttin g  a c t io n  i s  
o b ta in ed  by s o lu tio n s  w ith  a low su rfa c e  te n s io n . From th e  v a lu es  in  
Table. 7 i t  can be seen  th a t  th e  a d d itio n  o f  1% a lk a l i  c le a n e r  had a 
marked e f f e c t  on th e  su rfa ce  te n s io n  and reduced th e  v a lu e  o f  su rfa c e  
te n s io n  o f  d i s t i l l e d  w a te r . In c re a s in g  th e  c o n ce n tra tio n  to  5%, however, 
had no fu r th e r  e f f e c t .  Thus th e  ro le  o f  th e  a lk a l i  i s  to  in c re a se  th e  
w e t ta b i l i ty  so improve th e  c lean in g  e f f ic ie n c y . Under H ydrosonic 
and u l t r a s o n ic  co n d itio n s  r a i s in g  th e  a lk a l i  c o n c e n tra tio n  from 1% to  
5%, however, gave a f u r th e r  in c re a se  in  c lean in g  e f f ic ie n c y . T his i s  
r a th e r  s u rp r is in g  b u t under th e se  c o n d itio n s  o f  in c re a se d  a g i ta t io n  i t  
i s  considered  th a t  d isp e rs io n  and e m u ls if ic a tio n  become more im p o rtan t 
in  th e  c lean in g  mechanism and th e se  p ro cesses  a re  probab ly  enhanced by 
an in c re a se  in  a lk a l i  c le a n e r  co n ce n tra tio n .
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An in d ic a t io n  o f  th e  mechanisms o f  removal o f  contam inant can be 
o b ta in ed  from th e  photographs in  f i g .  23. In  th e  s t i l l  and s t i r r e d  
s o lu tio n  i t  appears t h a t  underm ining o f  th e  contam inant occurs around 
th e  edges o f  th e  g la ss  p l a t e .  This i s  probab ly  due to  th e  f a c t  t h a t  a t  
an edge, adhesion  o f  th e  s o i l  to  th e  g la ss  s l id e  i s  w eaker so  t h a t  th e re  i s  
e a s ie r  access o f  th e  c lean in g  s o lu t io n  to  th e  su b s tra te /c o n ta m in a n t in te r f a c e .  
Thus c lean in g  s t a r t s  a t  th e  edges and p ro g resses  inw ards.
In  th e  u l t r a s o n ic  tank  co n ta in in g  w a te r , c lean in g  s t a r t e d  a t  th e  
a reas  around th e  nodes o f  a s tan d in g  wave s e t  up in  th e  tank  ( f ig .  2 3 a ).
In  a lk a l i  s o lu t io n , c lean in g  i n i t i a t e d  a t  th e  edge n e a re s t  to  th e  tra n sd u c e r  
probe and con tinued  acro ss  th e  p la te  to  th e  o p p o site  edge ( f i g .  23b and c ) . 
This e f f e c t  in  th e  a lk a l in e  s o lu t io n  may w e ll be expected  because th e  c le a n in g  
r a te  i s  to  some e x te n t dependent on th e  c a v i ta t io n  in te n s i ty  and t h i s  v a lu e  
decreases w ith  d is ta n c e  from th e  tra n sd u c e r .
The c lean in g  p ro cess  in  th e  H ydroson ically  a g i ta te d  s o lu t io n  i s  
m arkedly d i f f e r e n t  from th a t  o f  u l t r a s o n ic  c lea n in g . In  th e  form er th e  
c lean in g  appears to  i n i t i a t e  n e a r to  b u t n o t a t  th e  c e n tre  o f  th e  p la te  
c lo se  to  th e  fo c a l p o in t  o f  th e  two fydroson j e t s .  C leaning th en  
con tinues in  a r a d ia l  p a t te r n  away from th e  c e n tr a l  a re a . I t  i s  en v isaged  
t h a t  th e  impingement o f  th e  h igh  p re s su re  j e t s  on th e  su rfa c e  o f  th e  g la s s  
p la te  causes tu rb u le n t  flow  o f  s o lu t io n  ac ro ss  th e  su rfa ce  p roducing  
a sco u rin g  a c tio n . In  many cases th e  contam inant a t  th e  fo c a l p o in t 
i t s e l f  i s  n o t removed im m ediately and i t  appears th a t  th e  sco u rin g  a c tio n  
i s  produced by the  flow  o f  s o lu t io n  p a r a l l e l  to  th e  su r fa c e , ( f i g .  24).
The ro le  o f  th e  a lk a l i  c le a n e r  i s  a lso  im portan t because i t  a s s i s t s  
in  th e  removal o f  re s id u a l  contam inant in  th e  f i n a l  s tag e s  o f  c le a n in g .
A fte r  24 m inutes in  s t i l l  w a te r , th e  a re a  c leaned  in  th e  top  l e f t  
hand c o m e r o f  th e  g la ss  p la te  ( f ig .  23a) shows th e  p resence  o f  r e s id u a l
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JETS FROM HYDROSON GENERATORS
F ig . 24 A d iag ram atic  re p re se n ta tio n  o f  th e
impingement o f  th e  je t s  on th e  specimen su rfa c e
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contam inant which forms a c razed  p a t te r n .  The a lk a l i  c le a n e r  a s s i s t s  
in  th e  removal o f  th i s  re s id u a l  contam inant as shown in  f i g .  23b and c 
and in c re a se s  th e  f i n a l  degree o f  c le a n lin e s s  as in d ic a te d  by th e  c o n ta c t 
ang le  (Table 6 ) .
4 .3  Conclusions
The degree o f  a g i ta t io n  appears to  c o n tro l th e  k in e t ic s  o f  th e  
c lean in g  p ro c e ss . For th e  removal o f  th e  l a s t  t r a c e s  o f  con tam inan t,
( i . e .  th e  f i n a l  degree o f  c le a n lin e s s )  th e  use o f  w a te r a lone  i s  n o t 
s u f f i c i e n t  and an a lk a l i  c le a n e r  i s  n e ce ssa ry . Only a  low c o n c e n tra tio n  
o f  a l k a l i ,  however, i s  re q u ire d  to  change th e  su rfa ce  te n s io n .
Compared w ith  m agnetic s t i r r i n g ,  H ydrosonic and u l t r a s o n ic  a c t io n  
co n sid erab ly  decreased  th e  c lean in g  tim e re q u ire d  to  reach  a c e r ta in  va lu e  
o f  c lean in g  e f f ic ie n c y . A lthough u l t r a s o n ic  a g i ta t io n  was s l i g h t l y  b e t t e r  
than  Hydrosonics th e  d if fe re n c e  in  an in d u s t r ia l  a p p lic a t io n  would be 
n e g lig ib le  because c lean in g  tim es fo r  b o th  types o f  a g i ta t io n  were ve ry  
s h o r t  ( i . e .  le s s  th an  20 sec o n d s ).
The o r ig in a l  h y p o thesis  by the  m anufacturers and su g g es ted  by th e  
Design Council th a t  Hydrosonics i s  s im i la r  to  u l t r a s o n ic s  and produces 
c a v i ta t io n  a t  th e  su rfa ce  o f  an o b je c t in  th e  s o lu t io n  appears to  be 
in c o r re c t .  The mechanism o f  c lean in g  i s  more l ik e ly  to  be due to  th e  
impingement o f  th e  h igh  p re s su re  j e t s  on th e  su r fa c e . The tu rb u le n t  
flow o f  c lean in g  s o lu t io n  acro ss  th e  su rfa c e s  produces a  sco u rin g  
a c tio n  and sh ea r fo rce s  between the  contam inant la y e r  and th e  s u r fa c e .
The s o lu t io n  th en  undermines th i s  la y e r  which i s  l i f t e d  and c a r r ie d  away 
in  th e  flow . Although the  p resence  o f  sound waves in  th e  Hydros on tan k  
does n o t appear to  induce c a v i ta t io n  in  th e  s o lu t io n ,  th ey  may w e ll cause 
m inute a i r  bubbles in  the  s o lu t io n  to  o s c i l l a t e .  As i n  u l t r a s o n ic
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c lea n in g , th e se  o s c i l l a t i n g  bubbles may p e n e tra te  between th e  s o i l  
and the  su rfa c e  and cause an a d d it io n a l  s t r ip p in g  a c tio n .
From th i s  work a mechanism fo r  H ydrosonic c lean in g  has been 
su g g ested . I t  cou ld  n o t, however, p ro v id e  any in fo rm atio n  about th e  
boundary la y e r  between th e  bu lk  s o lu t io n  and an immersed su rfa c e  s u b je c te d  
to  Hydros o n ic  a g i ta t io n .  To do t h i s ,  a p ro cess  such as e le c tro d e p o s it io n  
can be s tu d ie d , th a t  depends on th e  d if f u s io n  o f  ions th rough  th i s  la y e r .
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CHAPTER 5 HYDROSONIC AGITATION AND ZINC ELECTRODEPOSITION
5.1 R esu lts
5 .1 .1  P ro p e r tie s  o£ th e  e le c t r o ly te
5 .1 .1 a  Cathode p o la r iz a t io n
The ca th o d ic  p o la r iz a t io n  curves o f  log  c u rre n t d e n s ity  v ersus 
p o te n t ia l  f o r  th e  z in c a te  s o lu t io n  w ith  and w ith o u t b r ig h te n e rs  a re  
g iven  in  f ig u re s  25a and b . The r e s t  p o te n t ia l  o f  s t e e l  was -0 .2 5  ± 0 .05  
v o l ts  ( w . r . t .  calom el) in  th e  p la in  b a th  and -0 .7 0  ± 0 .1  v o l ts  ( w . r . t .  
calom el) in  th e  b r ig h t  b a th .
I n i t i a l l y  an in c re a se  in  c u rre n t d e n s ity  was observed as th e
p o te n t ia l  was in c re a se d . At a p o te n t ia l  o f  about -1 .5 3  v o l t s ,  however,
th e  c u rre n t d e n s ity  in c re a se d  sh a rp ly  g iv in g  a p la te a u . Below t h i s  v a lu e  
%
o f  p o te n t ia l ,  z in c  was d ep o sited  on to  th e  s t e e l  cathode to  g iv e  a 
d iscon tinuous f ilm . At a p o te n t ia l  o f  -1 .5 3  v o l ts  a  continuous la y e r  o f  
z in c  was formed on th e  cathode su rfa c e  and th e  r e s t  p o te n t ia l  o f  th e  
cathode in  th is  p la te a u  re g io n  was th e  same as fo r  pu re  z in c  (-1 .4 5  v o l t  
w . r . t .  c a lo m el). The im portan t reg io n  o f  th e  curve f o r  e le c tro d e p o s it io n  
i s  thus th e  p a r t  a t  p o te n t ia ls  beJou>this p la te a u  v a lu e .
At looocu- v a lu es  o f  p o te n t ia l ,  th e  c u rre n t d e n s ity  reached  a s tead y  
v a lu e  ( i . e .  th e  l im it in g  c u rre n t d e n s ity )  and th e se  a re  g iven  in  Table 8. 
In  th e  s o lu tio n  w ith o u t b r ig h te n e r s , hydrogen e v o lu tio n  o ccu rred  b e fo re  
th e  l im it in g  v a lu e  o f  c u r re n t d e n s ity  was reached . As th e  p o la r iz a t io n  
in c re a se d  th e  c u rre n t d e n s ity  tended  towards a  l im it in g  v a lu e , b u t th i s  
was n o t reached because th e  o n se t o f  hydrogen ev o lu tio n  o ccu rred . To 
o b ta in  values o f  l im it in g  c u rre n t d e n s ity , i^ ,  th e  curves due to  th e  
d isch arg e  o f  z inc  ions were e x tra p o la te d  to  th e  l im it in g  v a lu e  ( f i g .  26 ).
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LIMITING CURRENT DENSITY ( i T . ) A dm"2v Linr
PLAIN SOLUTION BRIGHT SOLUTION
STILL 2.5 3.3
STIRRED 8.3 6 .2
HYDROSONIC 18.2 9 .3
ULTRASONIC 19.5 5.8
Table 8 L im iting  c u rre n t d e n s ity
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F ig  27a Anodic p o la r iz a t io n  curves in  th e  z in ca te  e le c t r o ly te  
w ith o u t b r ig h te n e rs .
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wi th  b r i  ghtene r s .
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This f e a tu re  has a lso  been observed fo r  z in c  d e p o s itio n  from a su lp h a te  
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s o lu t io n  by E sin , b u t u n fo r tu n a te ly  th e  paper has n o t been t r a n s la te d  
a lthough  th e  work i s  d iscu ssed  in  a book by Vagramyan and S o lov ’eva}17 
E sin  s e p a ra te d  th e  o v e ra l l  ca th o d ic  p o la r iz a t io n  curve in to  two, one 
corresponding  to  th e  d isch a rg e  o f  z inc  ions and th e  o th e r  to  th e  d isch arg e  
o f  hydrogen io n s .
In  th e  s o lu t io n  w ith  b r ig h te n e rs ,  th e  r e s t  p o te n t ia l  was approxim ately  
-0 .4 5  v o l t  low er. Due to  l im ita t io n s  o f  p o te n t ia l  c o n tro l imposed by th e  
p o ten tio m e te r used  in  th i s  work th e  cathode p o te n t ia l  cou ld  n o t be made 
s u f f i c i e n t ly  n eg a tiv e  to  induce hydrogen e v o lu tio n . I t  ap p ea rs , however, 
th a t  th e  l im it in g  c u rre n t d e n s ity  i s  reached b e fo re  th e  e v o lu tio n  o f  
hydrogen and thus a v a lu e  was o b ta in ed  d i r e c t ly  from th e  graph.
5 .1 .1b  Anode p o la r iz a t io n
The r e s t  p o te n t ia l  o f  th e  z inc  anode was -1 .4 5  + 0.02 v o l t s  ( w . r . t .
calom el) in  bo th  th e  p la in  and b r ig h t  b a th . The anode p o la r iz a t io n  curves
a re  given  in  f i g .  27a and b and appear to  ta k e  th e  c l a s s i c a l  a c t iv e -
p a ss iv e  shape. I t  can be seen  th a t  as th e  a p p lie d  p o te n t ia l  i s  r a is e d
th e  c u rre n t d e n s ity  in c re a se s  to  a maximum v a lu e  i c r i -t ^c a 2 a t  a  p o te n t ia l
^ c r i t i c a l*  ^  Po te ir t la ls  above th e  c u rre n t d e n s ity  f a l l s  to
a s tead y  va lue  i p a s s iv e . The v a lues o f  i c r i t i c a l , Ec r i t i c a l  and
i  . from th e  curves a re  g iven  in  Table 9 . p a ss iv e  &
5 .1 .1 c  C urrent e f f ic ie n c y
The v a lues o f  ca th o d ic  c u rre n t e f f ic ie n c y  a t  d i f f e r e n t  v a lu es  o f  
c u rre n t d e n s ity  f o r  th e  p la in  and b r ig h t  b a th  a re  g iven  in  Table 10.
These a re  a lso  p re sen te d  g ra p h ic a lly  f o r  th e  b r ig h t  b a th  in  f i g .  28.
In  th e  p la in  b a th  only  v a lues o f  c u r re n t e f f ic ie n c y  a t  c u r re n t 
d e n s i t ie s  up to  th e  maximum c u rre n t d e n s ity  v a lu e  were o b ta in e d .
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CATH0IE CURRENT EFFICIENCY I
-2
C urrent D ensity  A dm S t i l l
\
S t i r r e d Hydroson U ltra so n ic
P la in  S o lu tio n
2 87 98 98 99
5 * 77 89 90
10 ■ .* - * * 89
15 * * * 85
20 * * * *
S o lu tio n  w ith  
B rig h ten ers
2 88 94 97 99
5 57 69 78 70
10 27 42 55 52
20 19 29 30 33
40 15 17 19 29
50 13 14 15 17
* C urrent d e n s ity  above th e  maximum v a lu e  and g ives a powdeiy d e p o s it .
Table 10 Cathode c u rre n t e f f ic ie n c y
CtJ
RR
EN
T 
EF
FI
CI
EN
CY
 
'($
)
"STltZJlLBO
M y  Dte6£oN
UUTR.ASC) XNJic.
5040302010
CURRENT DENSITY (A dm 2)
F ig . 28 The v a r ia t io n  o f  ca th o d ic  c u rre n t
e f f ic ie n c y  w ith  c u rre n t d e n s ity  fo r  the  
b r ig h t  b a th .
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ANODE CURRENT EFFICIENCY %
_2
C urren t D ensity  A dm S t i l l S t i r r e d Hydros on U ltra so n ic
P la in  S o lu tio n
2 111 114 114 127
5 113 114 112 119
10 14 9 13 12
15 13 10 11 11
20 13 8 10 10
40 8 9 10 9
50 12 13 14 12
S o lu tio n  w ith  
B rig h ten ers
2 112 114 113 121
5 22 16 29 23
10 8 11 14 14
20 2 6 5 7
40 7 5 5 6
50 16 19 12 10
Table 11 Anode c u rre n t e f f ic ie n c y
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Bath
-2
Maximum C urrent D ensity  A dm
S t i l l 1 .2  - 1.5
S t i r r e d 5.5  - 6 .5
Hydros on 7.5 - 8.5
U ltra so n ic 12.0  - 15.0
Table 12 Maximum c u rre n t d e n s ity
Throwing Power % ±4
Bath P la in  S o lu tio n S o lu tio n  w ith  B rig h ten e rs
S t i l l 78 67
S t i r r e d 46 56
Hydroson 46 50
U ltra so n ic 47 58
Table 13 Throwing power
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D e n d ritic  growth o ccu rred  above th i s  v a lu e , p a r t i c u la r ly  under co n d itio n s  
o f  g e n tle  a g i ta t io n .  At h ig h e r c u rre n t d e n s i t ie s  th e  lo s s  o f  d e n d rite s  from 
th e  cathode during  th e  removal from th e  s o lu tio n  and th e  r in s in g ,  d ry ing  
and w eighing procedure  gave erroneous r e s u l t s .
Values o f  anodic c u rre n t e f f ic ie n c y  a t  in c re a s in g  v a lu es  o f  c u r re n t 
d e n s ity  a re  g iven  in  Table 11. As th e  c u rre n t d e n s ity  i s  in c re a se d  th e  
anodic c u rre n t e f f ic ie n c y  decreases to  a minimum value  th en  in c re a s e s .
5 .1 . Id  Maximum c u rre n t d e n s ity
A v a lu e  o f  th e  maximum c u rre n t d e n s ity  was only  o b ta in ed  fo r  th e
b a th  w ith o u t b r ig h te n e rs .  (Table 12 ). For th e  b r ig h t  b a th , smooth
-2d e p o sits  were o b ta in ed  a t  c u rre n t d e n s i t ie s  up to  50 A dm , a lthough  
th e  corresponding  ca th o d ic  c u rre n t e f f ic ie n c y  dropped to  11%,
5 .1 .1 e  Throwing power
These v a lues a re  g iven  in  Table 13.
5 .1 .2  P ro p e r tie s  o f  th e  d e p o sit
5 .1 .2 a  S urface  appearance
_2
D eposits formed a t  a c u r re n t d e n s ity  o f  2 A dm from th e  p la in  
b a th  had a l ig h t  grey appearance. No s ig n i f ic a n t  d if fe re n c e  in  appearance 
was observed f o r  th e  d i f f e r e n t  types o f  a g i ta t io n ,  excep t f o r  th e  s t i l l  
b a th  which gave a powdery d e p o s it . D eposits formed from th e  b r ig h t  b a th  
under s t i l l  and m ag n e tica lly  s t i r r e d  co n d itio n s  were s i lv e r y  bronze in  
co lo u r and h ig h ly  r e f l e c t i v e .  Hydrosonic a g i ta t io n ,  and to  an even 
g re a te r  e x te n t u l t r a s o n ic s ,  decreased  th e  r e f l e c t i v i t y  o f  th e  su rfa c e  and 
gave a m att f in i s h .
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M icrographs o£ th e  su rfa ce s  o f  th e  d e p o sits  formed a t  2 A dm 
taken  under th e  scann ing  e le c tro n  m icroscope (SEM) a re  g iven  in  f i g s .
29 and 30. The m a g n ific a tio n  on th e  SEM was x 2000 fo r  d e p o s its  o f  th ick n ess  
0.5fim, l|Jm, 5pm and 10pm and x 5000 f o r  d e p o sits  o f  th ic k n e ss  0.1pm. No 
change in  th e  c r y s ta l  s t ru c tu re  was observed fo r  d ep o sits  o f  th ic k n e ss  
g re a te r  th an  10pm and th e  c r y s ta l  growth was considered  to  be f u l l y  
developed a t  th i s  th ic k n e ss .
In  th e  p la in  b a th  under s t a t i c  co n d itio n s  ( f ig .  29) th e  d e n d r i t ic  
growth which o ccu rred , i s  ty p ic a l  o f  d e p o s it io n  under d i f f u s io n  c o n tro l .
I t  can be seen  from th e se  photographs th a t  m agnetic s t i r r i n g  p rev en ted  
d e n d r i t ic  growth and gave a smooth d e p o s it c o n s is tin g  o f  sm all n o d u la r 
c ry s ta ls  a lthough  th e re  was some evidence o f  f a c e t t in g .  U ltra so n ic  
a g i ta t io n  gave more an g u lar f a c e t te d  c r y s t a l l i t e s  although  t h e i r  s iz e  
was s im i la r  to  those  formed under s t i r r e d  c o n d itio n s .
The d e p o sits  formed in  H ydroson ically  a g i ta te d  s o lu t io n  had a f i n e r  
c r y s t a l l i t e  s t r u c tu r e  th an  d e p o s its  formed in  th e  m ag n e tica lly  s t i r r e d  
o r  u l t r a s o n ic a l ly  a g i ta te d  s o lu t io n .  Changing the  ang le  o f  th e  cathode 
so th a t  th e  su rfa ce  was p e rp e n d ic u la r  to  one j e t  and p a r a l l e l  to  th e  o th e r  
had no s ig n i f ic a n t  e f f e c t  on th e  su rfa c e  appearance under th e  SEM.
Photographs o f  d e p o sits  from th e  b r ig h t  b a th  showed th a t  a g i ta t io n  
was d e tr im e n ta l to  th e  su rfa ce  f in i s h .  I t  can be seen  in  f i g .  30 t h a t  
th e  roughness o f  th e  d e p o s it in c re a se s  in  th e  o rd e r s t i l l ,  s t i r r e d ,  
H ydrosonic, and u l t r a s o n ic .  C racksfp robab ly  due to  s t r e s s  w ere observed  
in  d e p o sits  from a l l  th e  b a th s . When work was rep ea ted  w ith  th e  same 
s o lu tio n  s e v e ra l  weeks l a t e r ,  few er cracks were observed and t h i s  cou ld  
be due to  changes in  th e  chem ical s t r u c tu r e  o f  th e  b r ig h te n e r s .
The SEM m icrographs o f  d e p o sits  from th e  p la in  b a th  produced a t
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- 2d i f f e r e n t  c u rre n t d e n s i t ie s  up to  40 A dm a re  g iven  in  f i g .  30. At
- 2  - 2  c u r re n t d e n s it ie s  above 5 A dm f o r  th e  s t i l l  b a th  and 20 A dm fo r
th e  m ag n e tica lly  s t i r r e d  b a th  th e  d e n d rite  s t r u c tu r e  cou ld  n o t su p p o rt
i t s e l f  when removed from th e  e le c t r o ly te ,  and thus no m icrographs a re
shown fo r  c u r re n t d e n s i t ie s  above th e se  v a lu e s . From f ig .  31, th e
a b i l i t y  o f  Hydrosonic and u l t r a s o n ic  a g i ta t io n  to  p rev en t d e n d r i t ic
growth a t  h ig h e r  c u rre n t d e n s i t ie s  i s  c le a r ly  shown. The m icrograph o f
_2
th e  d e p o s it formed w ith  u l t r a s o n ic  a g i ta t io n  a t  40 A dm i s  p a r t  o f  a 
mossy grow th, c o n s is tin g  o f  a la rg e  number o f  p l a t e l e t s .
- 2
I t  shou ld  be, no ted  th a t  d e n d r i t ic  p l a t e l e t s  were formed a t  5 A dm 
in  th e  m ag n e tica lly  s t i r r e d  b a th . This v a lu e  o f  c u rre n t d e n s ity  i s  j u s t  
below th e  maximum v a lu e  range found in  s e c t io n  S i . I d ,  b u t th e se  v a lu es  
were n o t determ ined in  th e  same e le c t r o ly te ,  a lthough  th e  com positions 
o f  th e  e le c t r o ly te s  were th e  same.
5 .1 .2b  Cross s e c tio n s
Cross s e c t io n  m icrographs o f  d e p o s its  from th e  p la in  s o lu t io n  a re  
g iven  in  f i g .  32. The d e n d rite s  formed under s t a t i c  co n d itio n s  w ere very  
long, and only  th e  in n e r  p a r t  n e a re s t  th e  s u b s tr a te  i s  shown. The o u te r  
d e n d r i t ic  s t r u c tu r e ,  however, was e a s i ly  damaged d u ring  th e  r in s in g ,  
d ry ing  and m e ta llo g rap h ic  p rocedure  so i s  n o t shown.
The d e p o s it from t h e ! Hydros on b a th  has a f in e r  c r y s t a l l i t e  s t r u c tu r e  
and was more compact th an  th e  d e p o s it formed under m ag n e tica lly  s t i r r e d  
c o n d itio n s . U ltra so n ic  a g i ta t io n  appears to  g ive  a more porous d e p o s it th a n  
formed in  m ag n e tica lly  s t i r r e d  and H ydrosonically  a g i ta te d  s o lu t io n s .
This was r a th e r  s u rp r is in g  so th e  experim ent was re p e a te d  and th e  same 
r e s u l t s  were o b ta in ed .
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32 Cross sections of  deposits from the plain bath
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D eposits formed under s t a t i c  and m ag n e tica lly  s t i r r e d  c o n d itio n s
w ith  b r ig h te n e rs  in  the  p la t in g  s o lu t io n ,  e x h ib ite d  a h e a v ily  banded
s t r u c tu r e  ( f ig .  33). Banding i s  a common fe a tu re  in  m eta l d ep o sitio n -
when o rg an ic  b r ig h te n in g  agen ts a re  used  and o rg an ic  m a te r ia l  i s
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codep o sited  w ith  th e  m e ta l. I t  i s  g e n e ra lly  co n sidered  th a t  in  th e  
i n i t i a l  s tag e s  o f  d e p q s it io n , th e  co n ce n tra tio n  o f  m eta l io n s  a t  th e  
cathode su rfa c e  i s  h ig h . As th e  m etal i s  d ep o s ited , th e  c o n c e n tra tio n  o f  
m etal ions a t  th e  su rfa ce  i s  reduced and th e  r e l a t iv e  c o n c e n tra tio n  o f  
o rg an ic  b r ig h te n e r  m olecules in c re a s e s . When th e  o rg an ic  b r ig h te n e r  
co n ce n tra tio n  a t  th e  in te r f a c e  reaches a c r i t i c a l  v a lu e , th e  o rg an ic  
m olecules a re  co d ep o sited  w ith  th e  m e ta l. T h e ir c o n c e n tra tio n  a t  th e  
su rfa ce  th en  decreases and th e  cy cle  i s  re p ea ted  g iv in g  r i s e  to  a  banded 
o r  lay e red  s t r u c tu r e .  The d e p o s it from th e  m ag n e tica lly  s t i r r e d  s o lu t io n  
a lso  showed co n sid e rab le  columnar growth ex tend ing  th rough th e  bands.
Evidence th a t  banding in  th e  b r ig h t  z in c  d e p o sits  was due to  
co d ep o sitio n  o f  o rgan ic  b r ig h te n in g  agen ts was g iven  by e le c t r o n  probe 
m ic ro an aly sis  s tu d ie s  u s in g  a JEOL J  x A -  50A in s tru m en t. F ig . 34 
shows e le c tro n  m icrographs o f  th e  b r ig h t  d e p o s it superim posed w ith  an 
a n a ly s is  f o r  carbon co n ten t acro ss  a l in e  t r a c e .  The p o s i t io n  o f  th e  l in e  
tra c e  on th e  sample i s  a lso  shown.
The carbon a n a ly s is  fo r  the  banded d e p o s it  c le a r ly  shows th a t  th e  
carbon le v e l in c re a s e s ,  co in c id e  w e ll w ith  th e  dark bqnds th rough  th e  
c ro ss  s e c tio n . C o-deposition  o f  carbon must th e re fo re  be g r e a te r  in  th e  
dark band reg io n s .
No q u a n t i ta t iv e  v a lu e  fo r  th e  p e rcen tag e  carbon in  th e  d e p o s it 
was o b ta in ed . This was because in  a d d itio n  .i'd th e  d i f f i c u l t i e s  in  g en e ra l 
o f  q u a n t i ta t iv e  measurement o f  l i g h t  eLements such as carbon, a s u i ta b le  
s tan d a rd  o f  e le c tro d e p o s ite d  z inc  would be re q u ire d  w ith  th e  a p p ro p r ia te
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a. Non-banded deposit
IOr „
b. Banded deposit
Fig 34 E lec tron  microprobe analysis  fo r  carbon through c ross-  
sec tions  o f  the b r ig h t  deposits .  [Hie s t r a ig h t  l in e  
in d ica tes  the l in e  o f  a n a ly s is .)
org an ic  in c lu s io n s  a t  known c o n ce n tra tio n s  and th i s  was n o t a v a i la b le .
Less evidence o f  banding was observed  in  th e  d e p o s it formed under 
u l t r a s o n ic  c o n d itio n s . H ydrosonic a g i ta t io n  appeared to  e lim in a te  banding 
com pletely  and th e  d e p o s it was v e iy  columnar in  appearance. Hence th e  
b rig h te n in g  agen t d id  n o t perform  i t s  normal r o le .
I t  i s  in te r e s t in g  to  no te  th e  co a tin g  o f te n  p ee led  away from th e  
s u b s tr a te  ‘ when th ic k  d e p o sits  w ere formed in  th e  b r ig h t  b a th , 
in d ic a tin g  a h igh  in te r n a l  s t r e s s  in  th e  d e p o s it .
5 .1 . 2c M icrohardness
The average o f  10 va lues o f  m icrohardness o f  d e p o s its  from th e  p la in  
and b r ig h t  b a th s  a re  g iven in  Table 14. The number in  b ra c k e ts  denotes 
th e  s ta n d a rd  d e v ia tio n .
I t  i s  s u rp r is in g  th a t  H y d ro s o n ic  a g i ta t io n  had an o p p o s ite  e f f e c t  from 
u l t r a s o n ic  a g i ta t io n  on th e  m icrohardness o f  d e p o sits  formed in  th e  p la in
n
e le c t r o ly te .  Hydrosonic a g i ta t io n  r a is e d  th e  va lue  by about 14 Hv compared 
w ith  m agnetic s t i r r i n g  whereas u l t r a s o n ic s  low ered the  v a lu e  by about 
17 Hv.
The e f f e c t  o f  b r ig h te n in g  agen ts was to  in c re a se  th e  m icrohardness fo r  
a l l  types o f  a g i ta t io n .  M agnetic s t i r r i n g  o f  th e  e le c t r o ly te  r a i s e d  th e  
m icrohardness o f  th e  d e p o sit by about 18 Hv compared w ith  d e p o s its  from 
th e  s t i l l  s o lu t io n .  Both Hydrosonic and u l t r a s o n ic  a g i ta t io n  r a i s e d  th e  
va lue  by approxim ately  47 Hv compared w ith  d e p o sits  formed under s t a t i c  
c o n d itio n s .
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Bath Hardness HV^q
P la in  S o lu tio n S o lu tio n  w ith  B rig h ten e rs
S t i l l * 86 (11)
S t i r r e d 68 (5) 104 (14)
Hydroson 80 (7) 130 (17)
U ltra so n ic 51 (63 136 (25)
* D eposit too  powdery to  measure
Table 14 MLcrohardness
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5 .1 .2d  In te rn a l s tr e s s
The values o f  l in e  broadening o f  th e  {1010} and {1011} z in c  l in e s  a re  
g iven  in  ta b le  15. They were c a lc u la te d  by s u b tra c tin g  th e  l in e  broaden ing  
due to  th e  in s tru m en t from th e  t o t a l  va lu e  o f  l in e  b roaden ing . The 
in s tru m e n ta l l in e  b roadening  was g iven  by th e  in te g r a l  breasbh o f  th e  
{1010} and {1011} l in e s  o f  an annealed  pure  z inc  sam ple. These were 
1.6 x 10 ^ rad ian s  f o r  th e  {1010} l in e  and 2.2 x 10 ^ ra d ia n s  f o r  th e  
{1011} l in e .  A f te r  s u b tra c t in g  th e  in s tru m en t l in e  b roaden ing , th e  
rem aining e f f e c t  cou ld  be due to  a c o n tr ib u tio n  from th e  in te r n a l  s t r e s s ,  
and a c o n tr ib u tio n  due to  sm all c iy s t a l  s i z e .  An a ttem p t was made to  
measure th e  g ra in  s iz e  by normal m e ta llo g rap h ic  p ro cedu re , b u t  th e  s iz e  
o f  th e  g ra in s  was too  sm all to  be re so lv ed  by o p t ic a l  m icroscopy and 
e le c tro n  m icroscopy o f  th e  c ro ss  s e c t io n  y ie ld e d  no f u r th e r  in fo rm a tio n .
An e s tim a tio n  o f  c r y s t a l l i t e  s iz e  was made, however, from th e  e le c tro n  
m icrographs o f  th e  s u r fa c e .
The c o n tr ib u tio n  due to  sm all c r y s ta l  s iz e  was e s tim a te d  u s in g  
eq u a tio n  26 ( s e c tio n  3 .1 1 .1 ) . Assuming a c r y s ta l  s iz e  ran g in g  from 
l-5pm fo r  d e p o sits  from th e  p la in  b a th  (e s tim a ted  from F ig . 29) a v a lu e  
o f  0 .3 5 -1 .0  x 10 ^ rad ian s  was o b ta in ed . I t  i s  th e re fo re  co n sid e red  th a t  
th e  values o f  l in e  broadening  given  in  ta b le  11 a re  due m ainly  to  in te r n a l  
s t r e s s  i n  th e  d e p o s it .
The rep ro d u c tio n  o f  th e  l in e  b roadening  measurements made on d i f f e r e n t  
a reas  o f  th e  same sample was ± 1 .5 x 10"^ ra d ia n s . For d e p o s its  p la te d  
under id e n t ic a l  co n d itio n s  o f  s o lu tio n  a g i ta t io n ,  tem p era tu re , e t c ,
_3
however, th e  re p ro d u c ib i l i ty  between samples was n e a r _+ 0 .5  x  10 ra d ia n s
_3
f o r  d e p o sits  from th e  p la in  b a th  and + 1 .2  x 10 rad ian s  f o r  d e p o s its  
from th e  b r ig h t  b a th . Hence th e  v a r ia t io n  in  v a lu es  o f  l in e  b roaden ing
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For th e  {1010} l in e  (20 = 39 .1°) (x 10~3 ra d ia n s)
WITHOUT BRIGHTENERS WITH BRIGHTENERS
STILL 0 .5 2.8
STIRRED 0.9 4 .3
ULTRASONIC 1.4 3.6
HYDROSONIC 0 .8 3.2
For th e  {1011} l in e  (20 = 43 .4°) (x 10~3 ra d ia n s)
WITHOUT BRIGHTENERS WITH BRIGHTENERS
STILL 0 .4 3.2
STIRRED 0 .9 5 .1
ULTRASONIC 0 .7 4 .4
HYDROSONIC 0 .5 3.9
Table 15 X-ray Line Broadening Values
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b. Magnetically s t i r r e d  batha. Annealed zinc sheet
c. Hydrosonically a g i ta te d  bath d .U ltra so n ic a l ly  a g i ta te d  bath
Fig 35 X-ray back r e f le c t io n  photographs of deposits  from the p la in  ba th .
from d ep o sits  produced under d i f f e r e n t  a g i ta t io n  co n d itio n s  cannot be 
co n sid ered  s ig n i f ic a n t .
The v a lu e  o f  l in e  broaden ing  fo r  th e  b r ig h t  d e p o s its  was co n sid e rab ly  
h ig h e r  as expected . This was probably  due to  e i th e r  a re d u c tio n  in  
c r y s t a l l i t e  s iz e ,  o r  an in c re a se  in  in te r n a l  s t r e s s  due to  co d ep o s itio n  
o f  th e  a d d itiv e  b r ig h te n e rs  o r  t h e i r  decom position p ro d u c ts . Again th e  
e r r o r  in  r e p ro d u c ib i l i ty  meant t h a t  th e re  was no s ig n i f ic a n t  e f f e c t  w ith  
a g i ta t io n .
5 .1 .2 e  P re fe r re d  O r ie n ta tio n
X-ray Back r e f le c t io n  photographs o f  d ep o s its  produced under co n d itio n s
o f  m agnetic s t i r r i n g ,  H ydrosonic and u l t r a s o n ic  a g i ta t io n  a re  g iven  in
f ig .  35. The in n e r  and o u te r  Debye r in g s  a re  formed by d i f f r a c t io n  from th e
{2132} and {2131} p lanes r e s p e c tiv e ly . The d if fu s e  reg io n  around th e  c e n tre
o f  th e  f ilm  was due to  flu o rescen ce  from th e  s t e e l  s u b s t r a te .  The continuous
n a tu re  o f  the  Debye r in g s  i s  n o t s u rp r is in g  assuming a c r y s ta l  s iz e  o f  
“61-5 x  10 m. Debye r in g s  in  g en era l lo se  t h e i r  s p o tty  c h a ra c te r  and become
r  / t
continuous when th e  c r y s ta l  s iz e  i s  i n  th e  range 10” -  10 m.
The absence o f  a rc h in g  in  th e  Debye r in g s  in d ic a te d  v e ry  l i t t l e  i f  
any p re fe r re d  o r ie n ta t io n  in  th e  d e p o s it .
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5.2 D iscussion
5 .2 .1  P o la r iz a t io n
5 .2 .1 a  Cathode P o la r iz a t io n
The reg io n  o f  i n t e r e s t  on th e  ca th o d ic  p o la r iz a t io n  curves i s  th a t
a t  p o te n t ia ls  lower than  -1 .5 3  ( w . r . t .  calom el) i . e .  below th e  p la te a u
reg io n  which corresponds to  com plete coverage o f  th e  s t e e l  cathode w ith  a
c o a tin g  o f  z in c . Above th i s  p o te n t ia l  a reas  o f  b o th  z inc  and s t e e l  were
exposed to  th e  e le c t r o ly te  and th e  re p ro d u c ib i l i ty  o f  th e  curves was p oor.
In  th e  reg io n  below the  p la te a u , a g i ta t io n  decreased  th e  cathode p o la r iz a t io n
f o r  bo th  th e  p la in  and b r ig h t  b a th s . Hence f o r  a given v a lu e  o f  a p p lie d
p o te n t ia l  (o v e rp o te n tia l)  th e  c u rre n t d e n s ity  was h ig h e r . Bondarenko and 
119Popov found th a t  u l t r a s o n ic  a g i ta t io n  only decreased  th e  cathode 
p o la r iz a t io n  a t  h igh  va lues o f  c u r re n t d e n s ity  when c o n c e n tra tio n  l im ita t io n s  
a t  th e  cathode su rfa ce  were c o n sid e ra b le . At low c u rre n t d e n s i t ie s ,  however, 
co n ce n tra tio n  l im i ta t io n s  were sm all and d id  n o t a f f e c t  p o la r iz a t io n .
For th e  d e p o s itio n  o f  z in c  from a z in c  su lp h a te  e le c t r o ly te  they  even found 
an in c re a se  in  p o la r iz a t io n  a t  low c u rre n t d e n s i t ie s .  No change was 
observed, however,* when th e  same e le c t r o ly te  was p u r i f i e d .  In  l a t e r  work, 
Bondarenko and B ru s in ts in a 5concluded th a t  th i s  in c re a se  in  p o la r iz a t io n  
a t  low c u rre n t d e n s i t ie s  due to  u ltra so u n d  was caused by in c re a se d  
"passiv a tio n * ? a t  th e  cathode su rfa ce  ( i . e .  ad so rp tio n  o f  fo re ig n  chem icals 
see  s e c t io n  2 .2 .3 ) .
A g ita tio n  had a co n sid e rab le  e f f e c t  on th e  l im it in g  c u rre n t d e n s ity .
_?
M agnetic s t i r r i n g  in c re a se d  th e  v a lu e  from 2.5 Adm w ith  no a g i ta t io n  
-2to  8 .3  Adm . H ydrosonic and u l t r a s o n ic  a g i ta t io n  gave a f u r th e r  in c re a se
- 2  120 to  18.2 and 19.5 Adm re s p e c tiv e ly . I t  i s  g e n e ra lly  accep ted  th a t
the  re d u c tio n  in  ca th o d ic  p o la r iz a t io n  and hence th e  in c re a se  in  l im i t in g
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c u rre n t d e n s ity  i s  due to  a d ecrease  in  th e  th ick n ess  o f  th e  N em st 
d if fu s io n  la y e r .  When th e  c u rre n t d e n s ity  reaches th e  l im it in g  v a lu e , 
d e p o s itio n  o f  th e  z in c  ions a t  th e  cathode su rfa ce  occurs as f a s t  as th e  
ions can d if fu se  through th e  d if fu s io n  la y e r .  Thus th e  l im it in g  c u rre n t 
d e n s ity  i s  dependent on th e  r a t e  o f  d if fu s io n  through t h i s  la y e r .  As th e  
th ick n ess  o f  th e  d if fu s io n  la y e r  i s  reduced th e  r a te  o f  d if fu s io n  and hence 
th e  supply o f  ions to  th e  su rfa c e  i s  in c re a se d , and th e  l im i t in g  c u rre n t 
d e n s ity  i s  co rrespond ing ly  r a is e d .
The v a lues o f  N em st d if fu s io n  la y e r  th ick n ess  (6) g iven  in  Table 
w ere c a lc u la te d  from eq u atio n  (2 .13) (see  s e c t io n  2 .2 .4 ) u s in g  th e  
experim ental va lues o f  l im it in g  c u rre n t d e n s ity .
Table 16.
S o lu tio n  w ith o u t b r ig h te n e rs  S o lu tio n  w ith  b r ig h te n e rs
l im it in g  c u rre n t 
d e n s ity
6pm lim it in g  c u rre n t 
d e n s ity
8 pm
STILL 2.5 Adm-2 97 3 .3  Adm"2 74
STIRRED 8.3 29 6.2 39
HYDROSONIC 18.2 13.5 9 .3 26
ULTRASONIC 19.5 12.5 5.8 42
-10 -1The v a lu e  o f  6 .8  x  10 ms f o r  th e  d if fu s io n  c o e f f ic ie n t  was 
assumed to  be unchanged by th e  a d d itio n  o f  th e  b r ig h te n in g  a g en t.
The va lu es  o f  8 fo r  s t a t i c  co n d itio n s  a re  o f  th e  same o rd e r  o f
121,122 123 j2 4
magnitude as g iven  in  th e  l i t e r a t u r e  i . e .  (5G(pm 200pm and 2 50pm j.
6 4 1Drake o b ta in ed  values o f  34 and 22pmfor u ltra so u n d  a t  1 .2  Miz
and 3 .5pnat 20 KHz fo r  th e  d e p o sitio n  o f  copper from copper su lp h a te
e le c t r o ly te .  I t  i s  n o t p o s s ib le , however, to  compare th e se  v a lu es
d i r e c t ly ,  because 8 depends on a number o f  f a c to rs  such as th e  com position
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o f th e  e le c t r o ly te ,  tem p era tu re , c u rre n t d e n s ity , v is c o c i ty ,  d if fu s io n  
c o e f f ic ie n t  and e le c tro d e  geom etry, and even under s t a t i c  co n d itio n s  n a tu ra l  
convection  occurs due to  changes in  th e  e le c t r o ly te  com position during  th e  
flow  o f  c u rre n t.
C athodic p o la r iz a t io n  was in c re a se d  by th e  a d d itio n  o f  b r ig h te n in g
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agents to  th e  s o lu t io n . This e f f e c t  has been found by o th e r  w orkers who
s tu d ie d  th e  e f f e c t  o f  d i f f e r e n t  o rg an ic  compounds on N ick e l. I t  was 
125thought to  be due to  th e  need fo r  a  g re a te r  energy re q u ire d  in  o rd e r  to  
overcome th e  in h ib i t io n  o f  d e p o s it io n  due to  th e  a d so rp tio n  o f  fo re ig n  
m a te r ia l on th e  cathode su r fa c e .
I t  i s  s u ip r is in g  th a t  although  H ydrosonic a g i ta t io n  in c re a se d  th e  va lue  
o f  l im it in g  c u rre n t d e n s ity  f o r  th e  e le c t r o ly te  w ith  b r ig h te n e r s ,  u l t r a s o n ic  
a g i ta t io n  gave a v a lu e  s im i la r  to  th a t  o f  m agnetic s t i r r i n g .  This o b se rv a tio n  
i s  in  agreem ent w ith  W alker12$ho found th a t  fo r  th e  d e p o s itio n  o f  copper 
from a su lp h a te  b a th , u l t r a s o n ic  a g i ta t io n  a t  13 KHz and 929 Wm gave a 
d if fu s io n  la y e r  o f  th ick n ess  46pm whereas m echanical s t i r r i n g  gave a 
v a lu e  o f  36pm. He d id  n o t o f f e r  any e x p lan a tio n  f o r  th i s  however, and a t  th e  
p re se n t th e  reason  i s  s t i l l  unknown.
5 .2 .1 b  Anode p o la r iz a t io n
The anodic p o la r iz a t io n  curves g iven  in  F ig . 27 show th a t  p o la r iz a t io n  
a t  th e  anode i s  a lso  decreased  by a g i ta t io n .  As th e  p o te n t ia l  was in c re a se d  
above th e  r e s t  p o te n t ia l  (-1 .45v  w . r . t .  calom el) a h ig h e r va lu e  o f  c u r re n t 
d e n s ity  was o b ta in ed  f o r  a g iven  a p p lie d  p o te n t ia l .
At th e  a n o d e /e le c tro ly te  in te r f a c e ,  th e  z in c  m etal forms anions so t h a t  
the  c o n ce n tra tio n  o f  ions i s  h igh  and th i s  tends to  in h ib i t  f u r th e r  
d is s o lu t io n  o f  th e  z in c . The e f f e c t  o f  a g i t a t i o n ; a s s i s t s  i n ;th e  removal 
o f  ions away from th e  su rfa ce  and thus promotes f u r th e r  d is s o lu t io n
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r e s u l t in g  in  an in c re a se  in  c u rre n t d e n s ity .
In  th e  p la in  b a th , th e  e f f e c t  o f  H ydrosonic a g i ta t io n  was c lo se  to  
m agnetic s t i r r i n g ,a n d  s im i la r  va lues o f  i c r i t i c a l  Ec r i t i Ca l  and 
^p assiv e  were oE‘ta i ne(i (Table 9 ) . These v a lu es  were co n sid e rab ly  h ig h e r  
than  th o se  o b ta in ed  w ith  no a g i ta t io n ,  b u t lower th an  th e  va lu es  o b ta in ed
from the  anodic p o la r iz a t io n  curve from u ltra so u n d  a g i ta t io n .  The va lue  
c r i t
- 2o f  i  . .  o f  6 Adm fo r  the  p la in  b a th  w ith  no a g i ta t io n  i s  in  good
-2  127agreem ent w ith  th e  v a lu e  o f  5 Adm g iven  by K udryavtsev.
C o n sid era tio n  o f  the  d is s o lu t io n  -  p r e c ip i ta t io n  model fo r  p a ss iv e  
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film  fo rm a tio n . allow s an understand ing  o f  how a g i ta t io n  cou ld  a f f e c t  
th e se  v a lu e s . This model i s  based  on th e  occurrence o f  an in d u c tio n  
tim e between th e  a p p lic a t io n  o f  a co n sta n t c u rre n t and th e  fo rm ation  o f  
a p a ss iv e  f ilm  on a m etal s u r fa c e . When th e  c u rre n t i s  a p p lie d , th e  
m etal d is so lv e s  and th e  co n ce n tra tio n  o f m etal ions a t  th e  in te r f a c e  
in c re a s e s . This i n t e r f a c i a l  c o n ce n tra tio n  cannot in c re a se  in d e f in i te ly  
because th e re  i s  a l im i t  to  th e  s o lu b i l i t y  o f  an io n ic  s p e c ie s . Hence a 
co n ce n tra tio n  i s  e v e n tu a lly  reached when a p r e c ip i ta te  i s  formed. T his 
in d u c tio n  tim e in c re a se s  w ith  a decrease  in  th e  c u rre n t d e n s ity  to  produce 
the  f ilm . As d iscu ssed  e a r l i e r ,  a g i ta t io n  a s s i s t  in  th e  m ig ra tio n  o f  io n s  
away from th e  m etal s u r fa c e , thus th e  r a te  o f  m etal d is s o lu t io n  and th e re fo re
th e  c u rre n t d e n s ity  must be in c re a se d  to  r a is e  th e  c o n c e n tra tio n  o f  ions
to  th e  s o lu b i l i ty  l im i t  a t  th e  in te r f a c e .  The va lue  o f  i c r j_t i c a ]_ i-s 
th e re fo re  h ig h e r  fo r  a g i ta te d  s o lu t io n s . This in c re a se  in  i ^ t i c a l  
brought about by an in c re a se  in  th e  v a lu e  o f  p o te n t ia l ,  and th e
corresponding  value  o f  Ec r i t i c a l  When th e  v a lu e  o f
was reached , a b lack  f ilm  was observed on th e  anode su r fa c e . This f ilm  
was id e n t i f i e d  as z in c  oxide (ZnO) from X-ray d if f ra c to m e try . At h ig h e r  
c u rre n t d e n s i t ie s  the  f ilm  became l i g h t e r  in  c o lo u r, and a t  c u r re n t
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-2d e n s it ie s  above 45 Adm the  f i lm  d isap p eared  and v igorous oxygen 
e v o lu tio n  occu rred .
43
Kenahan and S ch la in  a lso  observed  a b lack  f ilm  on th e  anode when
d ep o sitin g  z in c  from a su lp h a te  b a th . I t  formed a t  a  c u r re n t d e n s ity  o f
- 2  - 24 .3  Adm and became l i g h t e r  a t  11 Adm ; Both film s were id e n t i f i e d  as
zinc  ox ide .
Once th e  p a ss iv e  f i lm  has formed, th e  v a lu e  o f  c u rre n t d e n s ity  f a l l s
to  a much low er v a lu e  i  . , th e  va lu e  o f  which was in c re a se d  byp a s s iv e ’ J
a g i ta t io n .  The magnitude o f  th e  change a f fe c te d  by th e  v a rio u s  forms o f  
a g i ta t io n  i s  s im i la r  in  magnitude to  th e  change in  i c r j t i c a l *  ^  
considered  th a t  th e  la rg e  in c re a se  by u l t r a s o n ic  a g i ta t io n  i s  due to  th e  
e f f e c t  o f  c a v i ta t io n  which may promote cracks o r  pores to  form in  th e  
p a ss iv e  f ilm  thus a llow ing  an in c re a se  in  c u rre n t flow .
In  th e  s o lu tio n  w ith  b r ig h te n e r s , a g i ta t io n  ag a in  in c re a se d  th e
v a lues o f  l c r it-j_cap  ^ c r i t i c a l  an^ ^passive* ^rom e le c t r o ly te ,  however, 
th e  magnitude o f  th e  in c re a se  was s im ila r  f o r  Hydroson and u l t r a s o n ic
a g i ta t io n  compared w ith  no a g i ta t io n .  The v a lu e  o f  i  . was muchp a ss iv e
low er in  th e  b r ig h t  s o lu tio n  and th i s  i s  p robably  due to  th e  a d d it io n a l  
b a r r i e r  to  d is s o lu t io n  caused by th e  a d so rp tio n  o f  o rg an ic  m olecules on 
to  th e  anode su rfa c e .
One commercial a sp ec t o f  p a s s iv i ty  i s  t h a t  i f  th e  r a te  o f  d is s o lu t io n  
o f  z in c  ions at^anodg, does n o t equal th e  r a te  o f  d e p o s it io n  th en  th e  
conceiira tion  o f  ions in  th i s  s o lu t io n  d ec rea se s . This can a f f e c t  th e  
p ro p e r t ie s  o f  th e  b a th  e t c .  I t  i s  a lso  r e la te d  to  th e  f a l l  i n  anodic 
c u rre n t e f f ic ie n c y .
123
5 .2 .2  C urren t e f f ic ie n c y
5 .2 .2 a  Cathodic c u rre n t e f f ic ie n c y
_2
At a c u rre n t d e n s ity  o f  2 Adm which was th e  s tan d a rd  v a lu e  used
throughout th i s  work, th e  e f f e c t  o f  H ydrosonic and u l t r a s o n ic  a g i ta t io n
was to  in c re a se  th e  c u rre n t e f f ic ie n c y  from 87 to  98-99% compared w ith  no
a g i ta t io n .  O ther w orkers found th a t  u l t r a s o n ic  a g i ta t io n  in c re a se d
th e  c u rre n t e f f ic ie n c y  fo r  the  e le c tro d e p o s it io n  o f  z in c  from su lp h a te  b a th s
43, 45, 49, 50 43, 53 60
cyanide baths" and a z in ca te  b a th  {90% w ith o u t
u l t r a s o n ic s  to  98V w ith  u l t r a s o n ic s  a t  12 KHz).
In  th e  p la in  b a th  th e  e f f e c t  o f  m agnetic  s t i r r i n g ,  H ydrosonic and
u l tr a s o n ic  a g i ta t io n  was s im ila r .  As th e  c u rre n t d e n s ity  in c re a se d , th e re
was a  ra p id  f a l l  in  th e  c u rre n t e f f ic ie n c y  f o r  a l l  fo u r b a th s ,  b u t again
a g i ta t io n  in c re a se d  th e  value  a t  each c u rre n t d e n s ity . The v a lu e  o f  c u r re n t
e f f ic ie n c y  was n e a r ly  always s l i g h t ly  h ig h e r  fo r  u l t r a s o n ic  a g i ta t io n  th an
fo r  H y d r o s o n i c  a g i ta t io n .  S im ila r  re la t io n s h ip s  between c u rre n t e f f ic ie n c y
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and c u rre n t d e n s ity  were o b ta in ed  by o th e r  workers fo r  z in c a te  b a th s  w ith  
a d d itio n  a g en ts . This l i t e r a t u r e  i s  compared in  f ig .  36 which in c lu d es  
values from th i s  work fo r  th e  b r ig h t  b a th  w ith o u t a g i ta t io n  and w ith  
H ydrosonic a g i ta t io n .
I t  i s  considered  th a t  th e  re d u c tio n  in  c u rre n t e f f ic ie n c y  w ith  
in c re a s in g  c u rre n t d e n s ity  i s  due to  hydrogen ev o lu tio n  a t  th e  ca thode . A 
c e r ta in  pe rcen tag e  o f  th e  a p p lie d  c u rre n t to  th e  e le c tro d e  i s  th e re fo re  used  
in  th e  hydrogen ev o lu tio n  re a c tio n .
2H+ + 2e — >R2 . . . . .  (5 .1 )
The r a te  o f  hydrogen e v o lu tio n  a t  th e  cathode i s  p ro p o r tio n a l to  th e  c u rre n t 
d e n s ity .
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--------------DATA FROM THE LITERATURE
Curve 1 No a g i ta t io n  1 1
V Zn (12gL ) Na OH (105gL“A)
M 2 H ydrosonic a g i ta t io n  J
" 3 Ha j  du and Zehnder. Zn (1 1 .2gL Na OH ( l l lg L  )
" 4 Geduld Zn (lZgL-1 )
M 5 Creutz and M artin  Zn (8gL/^) Na CH (108gL ^)
A ll w ith  b r ig h te n e rs
F ig . 36 V a ria tio n  o f c u rre n t e f f ic ie n c y  w ith  c u rre n t d e n s ity
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From th e  ca th o d ic  p o la r iz a t io n  curves ( f ig .  26) in  th e  p la in  b a th , i t  
can be seen  th a t  th e  v a lu e  o f  c u r re n t d e n s ity  a t  which hydrogen e v o lu tio n  
s t a r t s  i s  in c re a se d  as th e  degree o f  a g i ta t io n  in c re a s e s . This e f f e c t  
i s  probably  a d i r e c t  r e s u l t  o f  th e  re d u c tio n  in  d if fu s io n  la y e r  th ick n ess  
due to  a g i ta t io n .  As d iscu ssed  p re v io u s ly  (s e c tio n  .Si 1 .1a) a th in n e r  
d if fu s io n  la y e r  allow s a h ig h e r r a t e  o f  d if fu s io n  o f  z inc  ions f o r  a given 
p o te n t ia l ,  and a h ig h e r va lue  o f  c u r re n t d e n s ity . Hence under a g i ta te d  
co n d itio n s  fo r  a  g iven  c u rre n t d e n s ity  th e  ap p lie d  p o te n t ia l  i s  low er, and 
th e re fo re  th e  r a te  o f  hydrogen e v o lu tio n  i s  le s s  and th e  c u rre n t e f f ic ie n c y  
i s  r a is e d .
5 .2 .2b  Anodic c u rre n t e f f ic ie n c y
The va lues o f  anodic c u rre n t e f f ic ie n c y  a re  above 100% a t  a c u rre n t
d e n s ity  o f  2 Adm fo r  a l l  th e  b a th s . This i s  co n sid ered  to  be due to
a d d it io n a l  m etal d is s o lu t io n  by chem ical a t ta c k  o f  th e  anode by th e  s tro n g ly
a lk a l i  e le c t r o ly te .  To confirm  t h i s ,  a z inc  anode was immersed in  each o f  th e
fo u r b a th s  fo r  th e  same p e rio d  o f  tim e th a t  th e  c u rre n t d e n s ity  was a p p lie d
in  th e  c u rre n t e f f ic ie n c y  d e te rm in a tio n . The anode was weighed b e fo re  and
a f t e r  immersion. I t  was found th a t  th e  w eight lo s s  corresponded roughly
to  th e  a d d itio n a l 11-14% above 100% fo r  th e  v a lu e  o f  anodic  c u rre n t
e f f ic ie n c y  fo r  th e  s t i l l ,  s t i r r e d  and Hydroson b a th s  and 20-30% fo r  th e
u l t r a s o n ic  b a th . The h igh  v a lu e  under co n d itio n s  o f  u l t r a s o n ic  a g i ta t io n
was p robab ly  due to  an in c re a se  in  th e  r a te  o f  chem ical a t ta c k  by c a v i ta t io n
26
e ro s io n  o f  th e  anode s u r fa c e . Kamat e t  a l  found a much sm a lle r  in c re a se  
in  anodic c u rre n t e f f ic ie n c y  (100-102% to  104-105%) in  an u l t r a s o n ic a l ly  
a g i ta te d  z in c a te  e le c t r o ly te .  The frequency o f  u ltra so u n d  was 25 KHz, b u t 
th e  in te n s i ty  was n o t g iven  and i t  i s  th e re fo re  d i f f i c u l t  to  conpare th e  
v a lu e s .
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A la rg e  drop in  th e  v a lu e  o f  anodic c u rre n t e f f ic ie n c y  was observed
- 2  - 2  a t  c u rre n t d e n s it ie s  o f  5-10 Adm in  th e  p la in  b a th  and 2-5 Adm
in  th e  b r ig h t  b a th . I t  i s  co n sid ered  th a t  th i s  i s  p robab ly  due to  th e
form ation  o f  a  p ro te c t iv e  p a ss iv e  f ilm  on th e  anode s u r fa c e , which
se v e re ly  in h ib i t s  th e  d is s o lu t io n  p ro c e ss .
5 .2 .3  Maximum c u rre n t d e n s ity
The maximum c u rre n t d e n s ity  i s  a t ta in e d  when smooth even growth 
o f  th e  d e p o s it c ea se s , and growth occurs a t  p r e f e r e n t ia l  s i t e s  a t  th e  
cathode r e s u l t in g  in  th e  fo rm ation  o f  nodules o r  d e n d r ite s . G enera lly  th i s  
type o f  growth occurs i n i t i a l l y  a t  th e  edges o f  th e  cathode where th e  
c u rre n t d e n s ity  i s  h ig h e r th an  th e  average v a lu e  over th e  rem aining s u rfa c e . 
The fo rm ation  o f  d e n d rite s  and nodules a re  d i r e c t ly  r e la te d  to  th e  r a t e  o f  
d if fu s io n  o f  ions to  th e  s u rfa c e , and hence th e  th ick n ess  o f  th e  d if f u s io n  
la y e r .  Thus th e  r e la t io n s h ip  i s  d iscu ssed  in  some d e ta i l  in  s e c t io n  5 .2 .5 .
I t  has a lread y  been shown th a t  a g i ta t io n  co n sid e rab ly  reduced  th e
th ick n ess  o f  th e  d if fu s io n  la y e r  and hence a corresponding  in c re a s e  in  the
v alue  o f maximum c u rre n t d e n s ity  would be expected , and indeed  was observed
_2in  p r a c t ic e .  M agnetic s t i r r i n g  in c re a se d  th e  v a lu e  from 1 .2 -1 .5  Adm
-2w ith  no a g i ta t io n  to  6 .0 -6 .5  Adm . Hydrosonic a g i ta t io n  gave a f u r th e r
- 2  - 2in c re a se  to  7 .5 -8 .5  Adm and u l t r a s o n ic s  to  12-15 Adm . The in c re a se
in  th e  value  o f  maximum c u rre n t d e n s ity  observed due to  u l t r a s o n ic  a g i ta t io n
i s  s im i la r  to  t h a t  n o ted  in  th e  l i t e r a t u r e  fo r  d e p o s it io n  o f  z in c  from
26,47 26,45 .
su lp h a te  b a th s  and a z in ca te  b a th  .
I t  i s  i n te r e s t in g  to  no te  th e  p e rcen tag e  o f  th e  l im it in g  c u rre n t
d e n s i t ie s  th a t  th e  maximum c u rre n t d e n s i t ie s  re p re se n t. These w ere 48-601
fo r  no a g i ta t io n ,  72-78% fo r  m agnetic s t i r r i n g ,  41-46% f o r  H ydrosonic
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a g i ta t io n  and 62-77% f o r  u l t r a s o n ic  a g i ta t io n .  Gabe and Robinson found
127
t h a t  powdery copper d e p o sits  s t a r t e d  to  form ( i . e .  th e  maximum c u rre n t 
d e n s ity  was reached) in  a  s t i r r e d  e le c t r o ly te  a t  c u r re n t d e n s i t ie s  about 
70% o f  th e  l im it in g  va lues o b ta in ed  from p o la r iz a t io n  cu rves.
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W alker suggested  th e  fo rm ation  o f  powder d ep o sits  cou ld  occur a t  a 
c u rre n t d e n s ity  le s s  th an  th e  l im it in g  v a lu e  because i - ^ m was n o t 
reduced s im u ltaneously  over th e  e n t i r e  cathode, b u t was o b ta in ed  f i r s t  a t  
th e  edges where th e  s t a r t  o f  powder fo im atio n  was observed . At th e  c u rre n t 
d e n s ity  a t  which powder o r  d e n d r i t ic  growth s t a r t s  to  form th e re fo re , 
th e  b u lk  o f  th e  d e p o s it away from the  edge i s  smooth and even and th e  mean 
c u rre n t d e n s ity  i s  below the  l im it in g  v a lu e . Hence th e  maximum c u rre n t 
d e n s ity  does n o t co in c id e  w ith  i ^ m s in ce  th e  l im it in g  v a lu e  from 
p o la r iz a t io n  measurements i s  th a t  a t  which th e  c o n ce n tra tio n  o f  d e p o s it in g  
ions over the  e n t i r e  cathode su rfa c e  i s  zero .
In  th i s  work i t  i s  thought th a t  u l t r a s o n ic s  gave a h ig h e r  va lue  o f  
maximum c u rre n t than  H ydrosonic a g i ta t io n  because th e  shock waves produced 
by c a v i ta t io n  p rev en ted  th e  fo rm ation  o f  d e n d rite s  in  a d d itio n  to  reducing  
th e  th ick n ess  o f  th e  d if fu s io n  la y e r .  In  f a c t ,  d e n d r i t ic  growth was n o t 
observed even a t  th e  l im it in g  c u rre n t d e n s ity  and th e  maximum c u rre n t 
d e n s ity  was g iven  as th e  va lue  o f  c u r re n t d e n s ity  when th e  s u r fa c e  s t a r t e d  
to  appear rough and n o d u la r.
5 .2 .4  Throwing power
The throw ing power measured under co n d itio n s  o f  m agnetic s t i r r i n g , ,  
Hydrosonic and u l t r a s o n ic  a g i ta t io n  was lower in  each case  th an  th a t  fo r  
s t a t i c  c o n d itio n s . In  th e  b r ig h t  b a th , th e  v a r ia t io n  in  v a lu es  betw een 
th e  th re e  a g i ta te d  b a th s  was w ith in  th e  range o f  r e p ro d u c ib i l i ty  (+ 4%) 
and was th e re fo re  n o t considered  s ig n i f ic a n t .  These v a lu es  a re  in  good
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agreem ent w ith  the  v a lu e  norm ally  expected  f o r  commercial z in c a te  b a th s  
( i . e .  55-65%).
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The v a lu e  o f  throw ing power may have been a f fe c te d  by th e  design  o f 
th e  c e l l .  By n e c e s s i ty  th is .w as  open s id e d  to  allow  a g i ta t io n  e f f e c t s  a t  
th e  e le c tro d e  s u r fa c e s . Hence th e  p rim aiy  c u rre n t d i s t r ib u t io n  would n o t 
be uniform  on bo th  cathodes f i g .  37a. In  th e  normal H aring Blum c e l l
anode cathode
b) A normal Haring-Blum 
c e l l
f ig .  37b th e  c lo sed  w a ll design  ensu res a uniform  c u rre n t d i s t r ib u t io n .
In  th i s  work, however, th e  same c e l l  was used  under a l l  c o n d itio n s  and 
th e re fo re  th e  v a r ia t io n  in  c e l l  design  shou ld  n o t a f f e c t  th e  d if fe re n c e  
between th e  v a lu e s .
C o n sid era tio n  o f  th e  r e la t io n s h ip  between c o n c e n tra tio n  p o la r iz a t io n  
and throw ing power throws some l ig h t  on to  why th e  va lue  was h ig h e r  w ith  
no a g i ta t io n .
When a c u rre n t i s  ap p lie d  to  th e  throw ing power c e l l ,  th e  c u rre n t 
d e n s ity  on th e  n e a r e le c tro d e  i s  h ig h e r  th an  th a t  on th e  f a r  e le c tro d e  
because th e  e l e c t r o l y t i c  r e s is ta n c e  i s  l e s s .  Hence more m etal i s  d e p o sited  
on the  n e a r  e le c tro d e . The h ig h e r c u rre n t d e n s ity  a t  th e  n e a r  cathode 
c re a te s  more c o n ce n tra tio n  p o la r iz a t io n ,s o  th a t  th e  c u rre n t drops i . e .  
under co n d itio n s  o f  h ig h  c o n ce n tra tio n  p o la r iz a t io n  th e  h ig h e r  c u rre n t 
a t  th e  n e a r e le c tro d e  tends to  be compensated by a co rresponding  in c re a se  
in  p o la r iz a t io n .  The p o la r iz a t io n  i s  le s s  a t  th e  f a r  cathode where th e
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cathode anode ^ cathode c a t!
F ig . 37 a) The open-sided
throw ing power c e l l
c u rre n t d e n s ity  i s  low er and thus the  percen tag e  o f  th e  t o t a l  c u r re n t  flow 
to  the  f a r  e le c tro d e  i s  in c re a se d . This decreases th e  m etal d i s t r ib u t io n
\ r/\ p ra 'M ' 9 ,
r a t i o  and hence^the throw ing power. R eference in  th e  l i t e r a t u r e  has been
made to  th e  f a c t  th a t  good throw ing power can be expected  only  when d e p o s it io n
m i,  132
tak es  p la c e  w ith  a h igh  c o n ce n tra tio n  p o la r iz a t io n
A g ita tio n  has been shown (s e c t io n  5 .2 .1 a ) to  reduce ca th o d ic  p o la r iz a t io n  
and th e re fo re  in  view o f  th e  above d isc u ss io n  th e  lower v a lues o f  throw ing 
power a re  n o t s u rp r is in g .  A low er v a lu e  f o r  u l t r a s o n ic  and H ydrosonic 
a g i ta t io n  compared w ith  m agnetic s t i r r i n g  m ight have been expec ted , however, 
s in ce  they  reduced  the  d if fu s io n  la y e r  th ick n ess  and hence c o n c e n tra tio n  
p o la r iz a t io n  to  a g re a te r  e x te n t .
5 .2 .5  D eposit m ic ro s tru c tu re
5 .2 .5 a  P la in  b a th
The SEM m icrographs ( f ig .  29) have shown th a t  Hydrosonic a g i ta t io n  o f
th e  p la in  b a th  gave d e p o sits  w ith  a f in e r  c r y s ta l l in e  s t r u c tu r e  th an  bo th
m agnetic s t i r r i n g  and u l t r a s o n ic  a g i ta t io n  a t  th e  normal o p e ra tin g  c u rre n t 
- 2d e n s ity  o f  2 Adm . From cross  s e c t io n  m icrographs f i g .  3 2 ,th e  d e p o s it  
formed in  th e  Hydroson tank  a lso  appeared to  be le s s  porous th an  fo r  
m agnetic s t i r r i n g  o r  u l t r a s o n ic  a g i ta t io n .  At a  va lue  o f  2 Adm th e
_2
c u rre n t d e n s ity  was above th e  maximum v a lu e  f o r  th e  s t i l l  b a th  (1 .2 -1 .5  Adm )
32 34-37 39and th e re fo re  d e n d r i t ic  growth would be expected . O ther w orkers ’ ’
observed th is  type o f  growth from z in c a te  e le c t r o ly te s .
D e n d ritic  growth i s  ty p ic a l  o f  d e p o s it io n  under c o n d itio n s  o f  l im ite d  
d if fu s io n . The cathode su rfa ce  can be co n sid ered  as a s e r ie s  o f  m icropeaks 
and recesse s  ( f ig .  38). Hence th e  boundaiy la y e r  th ick n ess  a t  th e  peak 
(S p eak ) i s  le s s  th an  S re c e s s . F ic k ’s f i r s t  law o f  d if f u s io n  s t a t e s  th a t
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NERNST DIFFUSION 
LAYER BOUNDARY
°  recess
F ig . 38 V a ria tio n s  in  d if fu s io n  la y e r  th ick n ess
th e  d if fu s io n  la y e r  th ic k n e ss  i s  in v e rs e ly  p ro p o r tio n a l to  th e  c u rre n t
d e n s ity . Hence i  , >  i  and growth occurs p r e f e r e n t i a l ly  a t  th epeaK recess
m icropeaks. As th e  growths develop, they  p e n e tra te  th e  d if f u s io n  la y e r
and th e  growth r a t e  i s  in c re a se d  due to  th e  in c re a se  in  supply  o f  io n s .
36F u rth e r i t  i s  con sid ered  th a t  th e  growth a t  a d e n d rite  t i p  may be
under a c t iv a t io n  c o n tro l r a th e r  th an  d if fu s io n  c o n tro l .  A nother cause o f
d e n d rite  growth may be due to  th e  fo rm ation  o f  m a c ro sp ira ls . According
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to  B rockris  fs e lem enta iy  th eo ry  o f  d e n d rite  fo rm ation  th e  t i p  o f  th e
“ 8s p i r a l  has q u ite  a sm all rad iu s  ( r  < 1 0  m) and can th e re fo re  be co n sid ered
as a p o in t  s in k  w ith  th e  t i p  rad iu s  much le s s  than  th e  d if fu s io n  la y e r
-4th ick n ess  ( o= 1 .4  x 10 m) f o r  z in c a te  c o n d itio n s . The l im it in g  c u rre n t 
d e n s ity  i s  g iven  by DnFC°/r and n o t DnFC°/8 as i s  th e  case fo r  l in e a r  
d if fu s io n . T herefore  when r < C 6 ,  growth i s  f a s t e r  a t  th e  t i p  and e v e n tu a lly  
s in g le  c r y s ta ls  form along c e r ta in  c lo se  packed p la n e s . The co n d itio n s  
f o r  d e n d rite  i n i t i a t i o n  has been co n sid ered  to  occur when r  <  0 .1  6  •
A g ita tio n  o f  th e  s o lu t io n  reduces th e  th ic k n e ss  o f  th e  d i f f u s io n  la y e r  
(s e c tio n  5 .2 .1 a ) a t  a g iven  c u rre n t d e n s ity  and thus th e  r a te  o f  d if f u s io n  
o f  io n s  to  th e  cathode su rfa ce  i s  in c re a se d . With a g re a te r  supp ly  o f  io n s , 
growth occurs more re a d i ly  over th e  e n t i r e  su rfa c e  and le s s  a t  p r e fe r r e d
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s i t e s .  F u r th e r th e  c r i t e r i a  f o r  th e  development o f  m acribspirals to  
d e n d rite s  may n o t be s a t i s f i e d  u n t i l  th e  s p i r a l  t i p  rad iu s  i s  much s m a lle r . 
The d if fu s io n  la y e r  th ick n ess  in  th e  m ag n e tica lly  s t i r r e d  z in c a te  e le c t r o ly te  
was found to  be 3 .8  x  10 3m and i t  can be seen  in  f i g .  29, th a t  under 
th e se  co n d itio n s  d e n d r i t ic  growth was p rev en ted .
D eposits formed in  the  u l t r a s o n ic a l ly  a g i ta te d  e le c t r o ly te  had a 
c r y s t a l l i t e  s iz e  s im i la r  to  those  formed i n  m ag n etica lly  s t i r r e d  s o lu t io n .
The shape o f  th e  c r y s t a l l i t e ,  however, was more an g u lar and f a c e t te d  under 
u l t r a s o n ic  co n d itio n s  and le s s  ’b o u ld e r’ l ik e  in  appearance. No re fe re n c e  
was found in  th e  l i t e r a t u r e  about th e  e f f e c t  o f  u l t r a s o n ic  a g i ta t io n  on 
the m ic ro s tru c tu re  o f  z in c  from z in c a te  e le c t r o ly te s  so t h a t  no d i r e c t  
com parison can be made w ith  o th e r  work. F in e r g ra in ed  z inc  d e p o s its  were
/ Q
o b ta in ed  w ith  u l t r a s o n ic s ,  however, from su lp h a te  based  e le c t r o ly te s  * 
and cyanide e le c t r o ly te s 53.
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Bondarenko and B ru s in ts in a  found th a t  u l t r a s o n i c ‘a g i ta t io n  d ecreased
th e  c r y s t a l l i t e  s iz e  a t  h igh  c u rre n t d e n s i t i e s ,  b u t in c re a se d  i t  a t  low
_?
c u rre n t d e n s i t ie s  (<1.5 Adm ) in  a su lp h a te  b a th .
The h ig h ly  f a c e t te d  s t r u c tu r e  produced under u l t r a s o n ic  c o n d itio n s  
may be due to  th e  com paratively  low flow  r a te  o f  e le c t r o ly te  ac ro ss  th e  
cathode su rfa ce  compared w ith  the  flow  produced by m agnetic s t i r r i n g  o r  
the  Hydroson a c tio n . The flow  acro ss  th e  cathode in  th e  u l t r a s o n ic  b a th  
is  only  th a t  due to  m icrostream ing  ( s e c t io n  1 .3 .3 ) . In  a l a t e r  s e c t io n  
(6 .1 ,)  th e  e f f e c t  o f  v ary ing  th e  e le c t r o ly te  flow  was s tu d ie d  u s in g  a
r o ta t in g  c y lin d e r  e le c tro d e  a t  v a ry ing  r o ta t io n  speeds. For a cathode o f
-3  -2d iam eter 6 x 10 m and len g th  1 x 10 m, d e p o sits  w ith  f a c e t te d  c r y s t a l l i t e s
•were only  observed a t  low r o ta t io n  speeds (100-700 rpm ). T his range  o f
r o ta t io n  speed corresponds to  a l in e a r  flow r a te  across th e  cathode su rfa c e
132
o f 4-25 cms The m agnetic s t i r r i n g  co n d itio n s  used  in  th i s  work 
produced a flow  r a te  o f  20 cms ^ and th e re fo re  th e  observed m ic ro s tru c tu re  
showing some f a c e t t in g  compares w e ll w ith  th e  r o ta t in g  e le c tro d e  r e s u l t s .
The im portance o f  flow  r a te  in  determ in ing  c r y s ta l  s t r u c tu r e  i s  now 
d iscu ssed  in  more d e ta i l  and r e la te d  to  th e  Hydroson a c tio n .
Hydrosonic a g i ta t io n  o f  th e  e le c t r o ly te  changed th e  appearance o f  th e  
d ep o sits  compared w ith  m agnetic s t i r r i n g .  A much f in e r  c r y s t a l l i t e  
s t ru c tu re  w ith  th e  complete absence o f  f a c e t t in g  was observed . I t  i s  perhaps 
s u rp r is in g  th a t  in  th i s  b a th  Hydrosonics decreased  the  c r y s t a l l i t e  s iz e  
and u ltra so u n d  had l i t t l e  e f f e c t ,  whereas in  th e  l i t e r a t u r e  u l t r a s o n ic  
a g i ta t io n  gave a f in e r  s t r u c tu r e  fo r  o th e r  z inc  e le c t r o ly te s
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I t  i s  g e n e ra lly  co n sidered  th a t  th e  n u c le a tio n  o f  growth s i t e s  p lay s  
an im portan t r o le  in  th e  development o f  th e  d e p o s it m ic ro s tru c tu re . I f  
th e  d e n s ity  o f  n u c le a tio n  s i t e s  i s  h ig h , a f in e  c r y s ta l  s t r u c tu r e  i s  
u su a lly  o b ta in ed  compared w ith  a d e p o s it formed u n d e r co n d itio n s  where 
n u c le a tio n  i s  l e s s .  N uclea tion  and development o f  th e  d e p o s its  a re  
shown in  f i g .  29. The th ick n ess  o f  th e  d e p o s it formed in  10 seconds 
was c a lc u la te d  from Faradays Law f o r  a c u rre n t d e n s ity  o f  2 Adm , c u rre n t 
e f f ic ie n c y  o f  98%, and assuming th a t  a continuous even co a tin g  was 
produced. In  p r a c t ic e ,  however, f o r  such a s h o r t  p e r io d  o f  d e p o s it io n  
a continuous f ilm  was n o t formed, and th e  d e p o s it  appeared as sm all 
nodules on th e  s t e e l  s u b s t r a te .  The d e n s ity  o f  nodules p e r  u n i t  a re a  i s  
p robab ly  dependant on th e  r a te  o f  n u c le a tio n . The presence  o f  a  continuous 
f ilm  was confirm ed a t  a th ick n ess  o f  0.5pm when th e  r e s t  p o te n t ia l  o f  
th e  cathode was equal to  th e  r e s t  p o te n t ia l  o f  a th ic k  c o a tin g  o f  d e p o s ited  
z inc (-1 .4 5  v o lts  w . r . t .  calom el).
The appearances o f  th e  0.1pm d e p o sits  from th e  fo u r  b a th s  a re  v e ry
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s im ila r .  I t  ap pears , however, th a t  th e  d e n s ity  o f  growth s i t e s  formed under 
Hydrosonic co n d itio n s  i s  s l i g h t ly  g r e a t e r \th an  f o r  s t i l l ,  s t i r r e d  and 
u l tr a s o n ic s  and th e  s iz e  o f  th e  nodules i s  reduced . As growth developed, 
th e  tre n d  was more pronounced.
In  d iscu ss in g  th e  change in  c r y s ta l  s t r u c tu r e  o f  th e  d e p o s it  formed 
under co n d itio n s  o f  H ydrosonic a g i ta t io n ,  i t  i s  th e re fo re  n ecessa ry  to  
co n sid e r th e  re le v a n t  mechanisms which could  a f f e c t  th e  r a te  o f  n u c le a tio n . 
Three p o s s ib le  mechanisms were considered :
i )  An in c re a se  in  " p a s s iv a tio n "  a t  th e  cathode su rfa c e  g iv in g  more
5 7n u c le a tio n  s i t e s  as proposed by Bondarenko and B ru s in ts in a  
f o r  u l t r a s o n ic  a g i ta t io n ,
i i )  A re d u c tio n  in  th ick n ess  o f  the  d if fu s io n  la y e r  a llow ing  a h ig h  
d if fu s io n  r a te  o f  ions to  th e  su rfa c e  which in c re a se s  th e  
n u c le a tio n  r a t e .
i i i )  The vigorous tu rb u le n t  flow  produced by Hydrosonic a g i ta t io n  may 
g ive  a co n s ta n t supply  o f  i n e r t  p a r t i c l e s  to  th e  cathode su rfa c e  
which can be adsorbed and a c t as n u c le a tio n  s i t e s .
Each mechanism i s  now d iscu ssed  in  more d e t a i l .
i )  The term  " p a s s iv a tio n "  o f  th e  cathode i s  perhaps confusing  s in c e
p a s s iv a tio n  i s  norm ally  a s s o c ia te d  w ith  anodic p ro c e sse s . In  th e  c o n tex t
o f  ca th o d ic  behav iour, however, i t  i s  used to  d e sc rib e  th e  a d so rp tio n
136
o f fo re ig n  chem icals on to  th e  su rfa ce  o f  th e  e le c tro d e  i . e .  o rg an ic  
su rfa ce  a c t iv e  su b stan ces , h y d rox ides, hydrogen, oxygen, e tc ,  which r e ta r d  
th e  r a te  o f  re d u c tio n  o f m etal ions a t  th e  cathode. The p resen ce  o f  such 
chem icals a t  th e  cathode in  g en era l causes an in c re a se  in  p o la r iz a t io n  
and reduces the  c u rre n t d e n s ity . Hence i f  Hydrosonic a g i ta t io n  r a i s e s  
the  c o n ce n tra tio n  o f  th e se  substances a t  th e  cathode su rfa c e  i t  may a lso
cause an in c re a se  in  p a s s iv a tio n  and a co rresponding  in c re a se  i n  p o la r iz a t io n
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would be expected . In  th i s  work, however, th e  ca th o d ic  p o la r iz a t io n  was 
reduced and c u rre n t d e n s ity  in c re a se d  by H ydrosonic a g i ta t io n .  Hence th e  
p a s s iv a t io n  mechanism i s  co n sid ered  to  be in s ig n i f ic a n t  conpared w ith  th e  
re d u c tio n  o f  th e  boundary la y e r  th ick n ess  which g ives r i s e  to  a co rrespond ing ly  
lower v a lu e  o f  p o la r iz a t io n .
I t  i s  a lso  p o s s ib le  th a t  th e  v igorous tu rb u le n t  n a tu re  o f  a g i ta t io n
in  th e  Hydros on tank  may in c re a se  th e  a i r  bubble co n ten t and th e  amount o f
d is so lv e d  oxygen in  th e  e le c t r o ly te .  Thus th e  supply  o f  oxygen to  th e
cathode would be in c re a se d  so th a t  an oxide f ilm  could  form and th e
co n d itio n s  a t  th e  cathode in te r f a c e  may be m odified  r e s u l t in g  in  a  change
in  d e p o s it morphology. P o s s ib le  evidence o f  th i s  i s  th e  p resence  o f  ZnO
37in  d e p o sits  from a z in c a te  b a th  found by Ju s tin u a n o v ic  and D espic. To 
in v e s t ig a te  th i s  p o s s ib i l i t y ,  f u r th e r  s tu d ie s  were c a r r ie d  o u t u s in g  
gaseous a g i ta t io n  w ith  oxygen f re e  n itro g e n  and oxygen.
A system  to  bubble gas in to  th e  p la t in g  s o lu t io n  was made from s t e e l  
tube 7 cm long o f  in s id e  d iam eter 0 .6  cm. A l in e  o f  0 .5  mm d iam eter h o le s  
were d r i l l e d  a t  0 .5  cm in te r v a ls  along th e  len g th  o f  th e  tube which was 
plugged a t  one end* The o th e r  end was connected to  th e  gas supp ly  which 
was re g u la te d  to  g ive a flow r a t e  o f  2.5 l.m in  P la t in g  was c a r r ie d  o u t 
in  a 2.5 l i t r e  beaker w ith  th e  e le c tro d e s  p o s it io n e d  8 cm above th e  
b u b b le r system  which was f ix e d  to  th e  base o f  th e  b eak e r. The p la t in g  
s o lu t io n  w ith  no a d d itiv e  b r ig h te n in g  agen ts was made up to  th e  same 
c o n ce n tra tio n  as d e sc rib ed  e a r l i e r  (s e c tio n  3 .3 .1 ) .  D eposits o f  th ic k n e ss  
10pm were produced a t  a c u rre n t d e n s ity  o f  2 Adm . For bo th  ty p es  o f  
gaseous a g i ta t io n ,  th re e  se p a ra te  d e p o sits  were produced under id e n t ic a l
■ ■ fi
c o n d itio n s . N itrogen  a g i ta t io n  was used  b e fo re  oxygen a g i ta t io n  to  p re v e n t 
s a tu r a t in g  th e  e le c t r o ly te  w ith  d is so lv e d  oxygen.
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The SEM m icrographs a re  g iven  in  f ig .  39. Two d i f f e r e n t  a reas  o f  
each cathode a re  shown. The e f f e c t  o f  gaseous a g i ta t io n  in  th i s  e le c t r o ly te  
was to  form a d e p o s it w ith  a mixed morphology o f  fa c e t te d  p l a t e l e t s  and 
f i n e r  n o d u la r p a r t i c l e s .  L i t t l e  d if fe re n c e  was observed betw een th e  use o f  
n itro g e n  o r  oxygen a g i ta t io n ,  a lthough  s l i g h t ly  more f a c e t te d  a re as  were 
observed on th e  d e p o sits  produced under n itro g e n  a g i ta t io n .  This may in d ic a te  
th a t  to  some e x te n t , the  in c re a se  in  oxygen co n ten t by H ydrosonic a g i ta t io n  
c o n tr ib u te s  to  th e  change in  s t r u c tu r e  o f  th e  d e p o s its . I t  would n o t ,  
however, account f o r  such a la rg e  d if fe re n c e  as was observed in  p r a c t ic e .
i i )  This second mechanism depends upon the  re d u c tio n  in  th e  th ick n ess  
o f  th e  d if fu s io n  la y e r  due to  Hydrosonic a g i ta t io n .  Under th e  co n d itio n s  
used , however, u l t r a s o n ic  a g i ta t io n  reduced th e  d if fu s io n  la y e r  th ic k n e ss  
to  a s im ila r  e x te n t . Hence i f  th i s  were th e  predom inant mechanism, 
u l t r a s o n ic  a g i ta t io n  would a lso  be expected  to  cause a re d u c tio n  in  th e  
c r y s t a l l i t e  s iz e  and th i s  was n o t observed . I t  th e re fo re  seems im probable 
th a t  th i s  mechanism i s  th e  e x p lan a tio n .
i i i )  The th i r d  mechanism concerns th e  ro le  o f  p a r t i c l e s  suspended in  th e  
e le c t r o ly te  determ in ing  th e  r a te  o f  n u c le a tio n , and th e  e f f e c t  o f  a g i ta t io n  
on th i s  p ro c e ss .
The e f f e c t  o f  d u st p a r t i c l e s  on th e  n u c le a tio n  o f  c r y s ta l  growth from
s a tu r a te d  aqueous s o lu tio n s  o f  s a l t s  i s  w e ll known, and i t  has been shown
th a t  th e  r a te  o f  n u c le a tio n  i s  decreased  when th e  s o lu t io n  i s  p u r i f i e d
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through dense f i l t e r s  . Even m  a p u r i f ie d  s o lu tio n , however, th e
6 3 138
number o f  i n e r t  p a r t i c l e s  has been found to  be o f  th e  o rd e r  o f  10 p e r  cm .
In  th e  z in ca te  e le c t r o ly te ,  th e  source o f  p a r t i c l e s  may be i n e r t  
im p u r it ie s , such as d u st o r  o th e r  a irb o u m e  contam inants, o r  may be 
c o l lo id a l  p a r t i c l e s  o f  u n d isso lv ed  z in c  oxide o r  m e ta l l ic  z inc
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Bek and Kudryavtsev suggested  th a t  th e se  m e ta l l ic  p a r t i c l e s  may o r ig in a te  
from i r r e g u la r  d is s o lu t io n  o f  th e  anode o r  lo c a l  d is s o lu t io n  o f  z inc  a t  
th e  cathode. F u r th e r , they  a t t r ib u te d  th e  form ation  o f  spongey d e p o sits  
from z in ca te  and low cyanide a lk a l i  e le c t r o ly te s  to  th e  p resence  o f  th e se  
p a r t i c l e s . The p a r t i c l e s  were thought to  be tra n sp o r te d  to  th e  e le c tro d e  
by e le c tro p h o re s is  and m echanical a g i ta t io n  where th ey  a c t  as n u c le i  and 
i n i t i a t e  random growth o f  c r y s ta l s .
I t  i s  co n sid ered  th a t  th e  h ig h  flow  r a te  produced by H ydrosonic 
a g i ta t io n  in c re a se s  th e  r a te  a t  which th e se  p a r t i c l e s  a re  su p p lie d  to  th e  
cathode s u r fa c e . Hence the  r a te  o f  n u c le a tio n  i s  h ig h e r and th e  number o f  
i n i t i a l  growth s i t e s  a t  th e  s u b s tr a te  su rfa ce  in c re a s e s . As th e  c r y s t a l l i t e s  
develop they  th e re fo re  reach  a sm a lle r  dim ension b e fo re  they  impinge on 
a d jo in in g  c r y s t a l l i t e s .  F u r th e r , th e  p resence  o f  th e  p a r t i c l e s  con tinues 
to  i n i t i a t e  n u c le a tio n  on the  growing d e p o s it and new growth s i t e s  a re  
formed. This p rev en ts  th e  e s ta b lis h e d  c r y s t a l l i t e s  from developing  in to  
t h e i r  p re fe r re d  f a c e t te d  shape, and th ey  assume a more b o u ld e r - l ik e  o r  
n odu lar appearance. This p robab ly  ex p la in s  why in  com parison, th e  d e p o s it  
formed w ith  u l t r a s o n ic  a g i ta t io n  was h ig h ly  f a c e t te d ,  because th e  flow  
o f e le c t r o ly te  acro ss  th e  cathode su rfa ce  was much le s s  and th e re fo re  th e  
n u c le a tio n  r a te  was co n sid erab ly  low er. The flow  r a te  in  th e  m ag n e tica lly  
s t i r r e d  b a th  was s u f f i c i e n t  to  p re v e n t f a c e t t in g  over most o f  th e  s u r fa c e .
The dim ensions o f  th e  bou lders  o r  n o d u la r shaped growths depends n o t
only  on th e  r a te  o f  n u c le a tio n , b u t a lso  on th e  r a te  a t  which la rg e  b o u ld ers
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consume sm a lle r ones. This mechanism was proposed by B rockis e t  a l ,  to  
e x p la in  the  change o f b o u ld er d e n s ity  w ith  e le c tro d e p o s it io n  tim e which 
th ey  observed ex p erim en ta lly .
The a b i l i t y  o f  H ydrosonic and u l t r a s o n ic  a g i ta t io n  in  p re v e n tin g  
d e n d r i t ic  o r  n o d u la r growth even a t  h ig h  c u rre n t d e n s i t ie s  i s  i l l u s t r a t e d
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in  f i g .  31. W ith H ydrosonic a g i ta t io n ,  th e  change from a f l a t  type
d e p o sit to  d e p o sits  w ith  b o u ld e r growths over th e  m a jo rity  o f  th e  s u rfa c e ,
- 2occurred  a t  c u r re n t d e n s it ie s  between 10 and 20 Adm . F u r th e r  s tu d ie s
_2
narrowed th e  range to  15-20 Adm . This range o f  c u rre n t d e n s i t ie s  i s  
h ig h e r  than  th a t  g iven  by th e  maximum c u rre n t d e n s ity  because th e  maximum va lu e  
occurs a t  th e  f i r s t  s ig n s  o f  uneven grow th. This occurs i n i t i a l l y  a t  th e  
edges where th e  c u rre n t d e n s ity  can be co n sid e rab ly  h ig h e r  th an  th e  mean 
v a lu e .
5 .2 .5b  B rig h t b a th
The su rfa c e  appearance o f  th e  dep o sits  from th e  b r ig h t  b a th , ( f ig .  29) 
formed under s t a t i c  and m ag n e tica lly  s t i r r e d  c o n d itio n s , showed no 
c h a r a c te r i s t i c  su rfa c e  s t r u c tu r e  and th e  co a tin g  was smooth and even. This 
type o f  appearance i s  common f o r  b r ig h t  m etal co a tin g s  1^°and i s  though t 
to  be due to  th e  fo rm ation  o f  very  f in e  c r y s ta l  g ra in s . The a d d itiv e s  a lso  
appear to  have a co n sid e rab le  e f f e c t  on th e  s u rfa c e . H ydrosonic, and to  
a even g re a te r  e x te n t u l t r a s o n ic  a g i ta t io n  have a d e tr im e n ta l e f f e c t  on th e  
b r ig h te n e rs  a c tio n . The d e p o s it had a rougher s u r fa c e , and in d iv id u a l 
p a r t i c l e s  cou ld  be re so lv ed  from th e  m icrographs.
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I t  i s  g e n e ra lly  considered  th a t  f o r  a su rfa c e  to  be b r ig h t  in  appearance 
to  th e  human eye, th e  m icro-roughness must on average be reduced  to  
a t  l e a s t  below th e  len g th  o f  th e  s h o r te s t  w avelength o f  v i s ib l e  l i g h t  
i . e .  0.4pm. From f ig .  30 th e  s iz e  o f  th e  in d iv id u a l p a r t i c l e s  o f  th e  
d e p o s it formed in  th e  u l t r a s o n ic a l ly  a g i ta te d  e le c t r o ly te  were e s tim a te d  to  
be o f  th e  o rd e r  o f 1pm, and th i s  ex p la in s  why th e  d e p o s it had  a m att 
v is u a l  appearance. The s iz e  o f  th e  p a r t i c l e s  was n e a re r  0.5pm f o r  th e  
d ep o sit formed in  th e  Hydros on tank  which i s  c o n s is ta n t  w ith  th e  semi 
b r ig h t  n a tu re  o f  th e  d e p o s it . C on sid era tio n  o f  th e  th eo ry  o f  b r ig h t
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d e p o s itio n  may throw some l i g h t  on th e  in h ib i t in g  e f f e c t  o f  H ydrosonic 
and u l t r a s o n ic  a g i ta t io n  on th e  a c tio n  o f  th e  b r ig h te n e rs .
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I t  i s  w e ll known th a t  th e  b rig h te n in g  agen ts o r t h e i r  re d u c tio n
o r  decom position p roducts  a re  adsorbed on th e  cathode s u r fa c e . This
1'42
ad so rp tio n  may tak e  p la ce  on a c t iv e  growth s i t e s  such as s te p ,  k in k  o r 
edge s i t e s  and thus c r y s ta l  growth i s  in h ib i te d  and the  m etal ions a re  
fo rced  to  d e p o s it a t  in a c t iv e  a reas  on th e  su r fa c e . C r y s ta l l i s a t io n  i s  
in h ib i te d  and d e p o sits  w ith  f in e  g ra in s  may be o b ta in ed .
Some b rig h te n in g  agents may a lso  p ro v id e  a le v e l l in g  a c t io n . This
may w e ll be due to  the  b r ig h te n in g  agen ts  o r  th e  decom position and re d u c tio n
p roducts  be ing  p r e f e r e n t ia l ly  adsorbed on th e  m icropeaks o f  th e  growing
143d e p o s it which induces d e p o s it io n  in  th e  re c e sse s
I t  i s  considered  th a t  H ydrosonic and u l t r a s o n ic  a g i ta t io n  p robab ly  
reduce th e  e x te n t to  which p r e f e r e n t i a l  ad so rp tio n  occu rred , p a r t i c u la r ly  
i f  th e  l a t e r  mechanism was predom inant. The f a c t  th a t  u l t r a s o n ic  
a g i ta t io n  had a g re a te r  e f f e c t  th an  Hydrosonics i s  thought to  be due to  
c a v i ta t io n .
The vigorous tu rb u le n t flow  in  th e  Hydroson tank  would a s s i s t  in  th e  
removal o f  adsorbed m olecules from th e  excrescences on th e  s u r fa c e , b u t 
i t  i s  con sid e red  th a t  th e  shock waves produced by u ltra so u n d  have a 
g re a te r  e f f e c t .  Hydrosonic and u l t r a s o n ic  a g i ta t io n  a lso  reduced  th e  
banding in  th e  b r ig h t  d e p o s its . The mechanism f o r  th e  p ro d u c tio n  o f  a 
banded d e p o s it d iscu ssed  in  s e c t io n  5 .1 .2 b  suggests  th a t  o rg an ic  b r ig h te n in g  
agents were co -d ep o sited  only when t h e i r  co n ce n tra tio n  r e l a t i v e  to  th e  
m etal ion  c o n ce n tra tio n  reached a c r i t i c a l  v a lu e . Thus th e  r e l a t i v e  
c o n ce n tra tio n  was dependent on th e  c o n c e n tra tio n  o f  m etal io n s  a t  th e  
s u rfa c e , and th i s  decreased  as d e p o s it io n  p ro g resse d . I t  has a lre a d y
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been shown th a t  H ydrosonic and u l t r a s o n ic  a g i ta t io n  reduce th e  th ick n ess  
o f  th e  d if fu s io n  la y e r  ( s e c tio n  5 .2 .1 a ) so t h a t  th e  r a te  o f  d if fu s io n  o f  
ions to  th e  su rfa c e  i s  in c re a se d . T herefore  under th e se  c o n d itio n s  th e  
c o n c e n tra tio n  o f  z in c  ions a t  th e  in te r f a c e  was m ain ta ined  a t  a h ig h e r  
le v e l  and th e  r e l a t i v e  co n ce n tra tio n  o f  o rg an ic  m a te r ia l  can be k e p t below 
th e  c r i t i c a l  v a lu e  which p rev en ts  c o -d e p o s itio n  a t  a h ig h  c o n c e n tra tio n  
and thus banding.
I t  i s  in te r e s t in g  to  n o te  th a t  th e  d e p o s it formed in  th e  Hydrosonic 
tank  was ve ry  columnar in  appearance. There was a lso  some evidence o f  
th i s  type o f  growth in  th e  d e p o s it formed in  th e  m ag n e tica lly  s t i r r e d  and 
u l t r a s o n ic  b a th . R a u b ^ \a s  a lso  observed  fib ro u s  o r  columnar growth fo r  
b r ig h t  z in c  d e p o sits  from a cyanide e le c t r o ly te .  The m a tt d e p o s it from 
th e  same b a th  w ith o u t a d d itiv e s  had a randomly o r ie n ta te d  c r y s ta l  s t r u c tu r e .  
He suggested  th a t  th e  in c lu s io n  o f  o rg an ic  m a te r ia l  in  th e  d e p o s it g re a t ly  
in h ib i t s  c r y s ta l  growth p a r a l l e l  to  th e  s u b s t r a te .  Growth th e re fo re  tak es  
p la c e  p r e f e r e n t i a l ly  in  the  d ire c t io n  o f  c u rre n t flow .
5 .2 .6  M icrohardness
The r e s u l t s  f o r  the  p la in  b a th  have shown th a t  Hydrosonic a g i ta t io n  
in c re a se d  th e  m icrohardness o f  the  z inc  d e p o s it compared w ith  th e  d e p o s it  
formed in  th e  m ag n etica lly  s t i r r e d  e le c t r o ly te ,  whereas u l t r a s o n ic  a g i ta t io n  
reduced i t .  The range o f  va lues o b ta in ed  a re  in  good agreem ent w ith
o /  r*i ta
those.-g iven by o th e r  w orkers. * *
The in c re a se  in  m icrohardness o f  th e  d e p o s it formed w ith  Hydrosonic 
a g i ta t io n  was p robably  due to  the  re d u c tio n  in  c r y s t a l l i t e  s iz e .  A c lo se  
c o r r e la t io n  between in c re a se d  hardness and sm all g ra in  s iz e  has been
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suggested  in  s e v e ra l p u b lic a t io n s . The reason  fo r  th i s  e f f e c t  i f  p robab ly  
due to  th e  h igh  d e n s ity  o f  g ra in  boundaries in  a  d e p o s it w ith  a sm all
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g ra in  s i z e ,  and th e se  could  b lock  th e  s l i p  p lanes along  which deform ation 
o f  th e  c ry s ta ls  o ccu rs .
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J in d a l  and Armstrong produced an eq u ation  (5 .2 ) which i s  s im ila r  
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to  th e  H a ll -  P etch  eq u a tio n  r e l a t in g  the  hardness and average g ra in  
d iam eter:
H = Hq + K d~* . . . . .  (5 .2 )
where H = hardness number
Hq = a c o n s ta n t, c h a r a c te r i s t i c  o f  d is lo c a t io n  b lo ck in g
d = average g ra in  d iam eter
K = a c o n s ta n t r e la t in g  to  th e  p e n e t r a b i l i ty  o f  the
boundaries f o r  moving d is lo c a tio n s
I t  i s  p o s s ib le  th a t  th e  i n e r t  p a r t i c l e s  in  th e  s o lu t io n  which a re
thought to  a c t  as n u c le a tio n  s i t e s  a t  th e  cathode s u r fa c e , may a lso  be
in c lu d ed  in  th e  l a t t i c e  s t r u c tu r e  so g iv in g  a d isp e rs io n  harden ing  type
37
e f f e c t .  Ju s tin u a n o v ic  and Despic found z inc  oxide to  be p re s e n t  in  
z in c  d ep o sits  from a z in ca te  e le c t r o ly te .  They suggested  th a t  t h i s  would 
cause changes in  th e  l a t t i c e  param eter, which would obv iously  have an 
e f f e c t  on th e  v a lu e  o f  l in e  broaden ing .
The red u c tio n  in  m icrohardness o f  th e  d e p o sits  from th e  u l t r a s o n ic  
b a th  may be due to  an in c re a se  in  p o ro s i ty  o f  th e  d e p o s it , which can be 
seen  from th e  c ross s e c tio n s  ( f ig .  32).
A dd ition  o f  b rig h te n in g  agen ts to  th e  e le c t r o ly te  in c re a se d  th e
hardness o f  th e  d ep o sits  as expected . The v a lues o b ta in ed  (Table 14)
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were in  good agreem ent w ith  those  o f  Senge (110-130 H v). This in c re a se  
may again  be due to  th e  f u r th e r  re d u c tio n  in  g ra in  s iz e  caused  by th e  
a d so rp tio n  o f  b r ig h te n e rs  on th e  cathode su rfa c e  which i n h i b i t  c r y s ta l
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growth, an d /o r th e  in c lu s io n  o f  b r ig h te n in g  agen ts o r  t h e i r  decom position 
p roducts in  th e  d e p o sit which in c re a se s  th e  in te r n a l  s t r e s s .  I t  has been 
shown from e le c tro n  m icroprobe a n a ly s is  th a t  carbonaceous m a te r ia l  i s  
included , in  th e  d e p o sits  a lthough  only  a very  rough e s tim a te  o f  th e
OO
percen tag e  p re se n t could  be made ( i . e .  <  1%). O ther workers found up 
to  0.5% carbon in  b r ig h t  d e p o sits  from a z in c a te  b a th , a lthough  th i s  
v a lu e  obviously  depends on th e  c o n c e n tra tio n  o f  a d d itiv e s  in  th e  e le c t r o ly te  
and o th e r  p la t in g  v a r ia b le s .
Both th e  e f f e c t  o f  reduced g ra in  s iz e  and in c re a se d  in te r n a l  s t r e s s  
could  a lso  account fo r  th e  in c re a se  in  l in e  b roadening  f o r  th e  b r ig h t  
d ep o sits  compared w ith  th e  d e p o sits  from th e  p la in  b a th . I t  i s  co n sid e red  
th a t  th e  h igh  in te r n a l  s t r e s s  i s  th e  main f a c to r ,  because co n sid e rab le  
c rack in g  o f  th e  d e p o sits  p la te d  from f r e s h ly  made up b r ig h t  s o lu t io n s  was 
observed.
The e f f e c t  o f  a g i ta t io n  was to  in c re a se  th e  m ic ro h ard n ess , H ydrosonic 
and u l t r a s o n ic  a g i ta t io n  r a is e d  the  m icrohardness by a s im ila r  amount 
compared w ith  m agnetic s t i r r i n g .  Hence as th e  degree o f  a g i ta t io n  becomes 
more in te n s e , th e  supply o f  b r ig h te n in g  agents to  th e  su rfa c e  i s  r a is e d  
and the  amount o f  o rg an ic  m a te r ia l co d ep o sited  , i s  in c re a se d .
5 .3  Conclusions
In  view o f  th e  c o n sid e ra tio n s  in  t h i s  ch ap te r, i t  can be concluded th a t :
i )  Hydrosonic a g i ta t io n  co n sid e rab ly  reduces th e  th ic k n e ss  o f  the
d if fu s io n  la y e r  a t  th e  cathode su r fa c e . U ltra so n ic  a g i ta t io n  a t  a
- 2frequency o f  13 KHz and an in te n s i ty  o f  520 Wm reduces th e  v a lu e  by a 
s im ila r  amount.
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i i )  As a r e s u l t  o f  the reduction  in  d iffu s io n  lay e r th ick n ess ,
Hydrosonic a g i ta t io n  reduces th e  ca th o d ic  p o la r iz a t io n  and th i s  r a is e s  th e  
value  o f  th e  l im it in g  c u rre n t d e n s ity . F u r th e r i t  a s s i s t s  in  th e  removal o f  
ions from th e  anode s u rfa c e , which reduces anodic p o la r iz a t io n  so th a t  a 
h ig h e r c u rre n t d e n s ity  can be ach ieved  b e fo re  th e  anode i s  p a s s iv a te d .
-1i i i )  Compared w ith  m agnetic s t i r r i n g  a t  20 cm s , H ydrosonic a g i ta t io n  
in c re a se s  th e  maximum c u rre n t d e n s ity . This i s  ag a in  thought to  be due 
to  a th in n e r  d if fu s io n  la y e r ,  and the  corresponding  in c re a se  in  th e  r a te  o f  
d if fu s io n  o f  ions to  th e  cathode su rfa c e . A lthough u l t r a s o n ic  a g i ta t io n  
gave a s im ila r  d if fu s io n  la y e r  th ick n ess  to  H ydrosonic a g i ta t io n ,  i t  a lso  
gave a f u r th e r  in c re a se  in  maximum c u rre n t d e n s ity . This i s  p robab ly  due 
to  th e  a d d itio n a l e f f e c t  o f the  shock waves produced by c a v i ta t io n  which 
promote l a t e r a l  growth o f  th e  d e p o s it .
iv )  H ydrosonic and u l t r a s o n ic  a g i ta t io n  in c re a se s  th e  ca th o d ic  c u rre n t 
e f f ic ie n c y  compared w ith  m agnetic s t i r r i n g  p a r t i c u la r ly  in  th e  b r ig h t  
s o lu t io n  a t  h ig h  c u rre n t d e n s i t ie s .  The anodic e f f ic ie n c y  i s  a lso  in c re a se d .
v) Less porous d e p o sits  w ith  a f in e r  c r y s t a l l i t e  s t r u c tu r e  were 
o b ta in ed  by Hydrosonic a g i ta t io n  th an  w ith  m agnetic s t i r r i n g  o r  u l t r a s o n ic  
a g i ta t io n .  I t  i s  co n sid ered  th a t  the  h igh  flow  ra te s  o f  s o lu t io n  in  th e  
Hydros on tank  in c re a se  th e  supply  o f  i n e r t  p a r t i c l e s  to  th e  cathode s u r fa c e , 
which a c t  as n u c le a tio n  s i t e s  fo r  the  growing d e p o s it .  Thus th e  n u c le a tio n  
r a te  i s  in c re a se d  and th i s  r e s u l t s  in  th e  fo rm ation  o f  a f in e  d e p o s it .
v i)  Hydrosonic a g i ta t io n  ra is e s  th e  m icrohardness o f  th e  d e p o s its  
compared w ith  m agnetic s t i r r i n g  o r  u l t r a s o n ic  a g i ta t io n .  This may be 
due to  e i th e r  a re d u c tio n  in  th e  c r y s t a l l i t e  s iz e  o r  th e  p o ro s i ty  o r  a 
com bination o f  th e  two e f f e c t s .
v i i )  The throw ing power was reduced by Hydrosonic and u l t r a s o n ic  a g i ta t io n .
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5.4 E le c tro d e p o s itio n  from d i lu te  s o lu tio n
5 .4 .1  In tro d u c tio n
H ydrosonic a g i ta t io n  has been shown in  th i s  work to  be very  
e f f e c t iv e  a t  reducing  th e  d if fu s io n  la y e r  th ick n ess  and p o la r iz a t io n  a t  
th e  cathode. Because th e  mass t r a n s f e r  r a te  which depends on b o th  th e se  
param eters i s  v e iy  low in  d i lu te  s o lu tio n , e le c tro d e p o s it io n  i s  norm ally  
very  d i f f i c u l t .  As Hydrosonic a g i ta t io n  in c re a se s  th e  mass t r a n s f e r  r a te  
i t  may be u se fu l in  th e  recoveiy  o f  m etals from d i lu te  s o lu t io n s ,  where 
a f a s t  d e p o s it io n  r a te  i s  d e s ira b le  w ith  the  minimum consumption o f  power.
E le c t r o ly t i c  recoveiy  o f m etals i s  v e iy  a t t r a c t i v e  as th e  v a lu e  o f  
th e  m etal recovered  i s  u su a lly  h ig h e r th an  th a t  o f  c r y s ta l l i z e d  s a l t s  o r  
s lu d g es . The conven tional in d u s t r ia l  e lec tro w in n in g  c e l l  c o n s is ts  o f  
an open topped re c ta n g u la r  tank  co n ta in in g  a s e r ie s  o f  a l te r n a t in g  f l a t  
anodes and ca thodes. The m eta l may a lso  be p la te d  as a f o i l  o r  powder 
on a con tinuously  moving cathode.
One problem  th a t  a r is e s  w ith  e le c tro d e p o s it io n  from d i lu te  e le c t r o ly te s
i s  th a t  th e re  a re  r e la t iv e ly  few ions to  c a n y  th e  c u rre n t so t h a t  th e
re s is ta n c e  i s  very  h igh  in  the  e le c t r o ly te .  Also th e re  a re  few c a tio n s
p re s e n t n e a r the  cathode fo r  d e p o s it io n  and th e  c o n ce n tra tio n  p o la r iz a t io n
i s  a lso  h igh  which r e s u l t s  in  low mass t r a n s f e r  r a t e s .  Forced convection
o f  the  e le c t r o ly te  by a i r  sp a rg in g , c ro ss flow  e le c t r o ly te  and u l t r a s o n ic
a g i ta t io n  can g ive  a co n sid e rab le  improvement in  the  mass t r a n s f e r  r a te
and thus th e  e f f ic ie n c y  o f  th e  e lec tro w in n in g  p ro c e ss . S ev e ra l s p e c ia l
system s have been designed  to  u t i l i s e  th i s  e f f e c t . These in c lu d e  th e  use
o f a w h ir lin g  bed o f  p a r t i c l e s  as th e  ca th o d e15,1 f lu id iz e d  bed e le c t r o ly s i s
152-154 Qr ro ta t in g  e le c t ro d e s 15.5 A review  o f  novel e le c tro d e  system s 156
157fo r  d i lu te  s o lu tio n s  in c lu d es  a d e s c r ip t io n  o f th e  E c o -c e ll p ro c e ss  ,
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MS w is s - ro l lM e le c t r o ly s i s  c e l l  , and f lu id iz e d  bed e le c t r o ly s is  The
continuous d e p o s it io n  o f  m etal powders u s in g  an e lec tro ch em ica l pump c e l l
159has been d e sc rib ed  by Jansson  and Ashworth and copper, t i n ,  bronze and
160 161 
z in c  powders were formed. A system  has a ls o  been p a te n te d  in  which
z in c  was recovered  from a lk a l in e  z in c a te  s o lu tio n s  by flow ing th e
e le c t r o ly te  along an in s u la te d  tube and d e p o s itin g  th e  z in c  as d e n d r ite s .
Very o f te n , however, th e  c a p i t a l  and m aintenance c o s t o f  such complex
system s does n o t make them c o s t e f f e c t iv e .
In  th i s  work th e  e f f e c t  o f  Hydrosonic a g i ta t io n  on th e  d e p o s it io n
o f z in c  from a d i lu te  z in ca te  s o lu t io n  was compared w ith  th a t  o f m agnetic
s t i r r i n g  and u l t r a s o n ic  a g i ta t io n .  The cathode c u rre n t e f f ic ie n c y , c a th o d ic
p o la r iz a t io n  and morphology o f  th e  d e p o sits  were s tu d ie d .
5 .4 .2 .  Experim ental
An o ld  z in ca te  e le c t r o ly te  w ith o u t b r ig h te n e rs  from p rev io u s  work
-1was d i lu te d  to  give a z inc  co n ten t o f  about 0 .5  gL . E lec tro d e  
p re p a ra t io n  and arrangem ent o f  the  e le c tro d e s  in  th e  b a th s  was as 
d esc rib ed  i n  s e c t io n  3 .3 .2  and 3 .3 .3 . Cathode p o la r iz a t io n  s tu d ie s  were 
made f o r  th e  d i lu te  s o lu t io n  as d e sc rib ed  in  s e c t io n  3 .4 . The ca th o d ic  
c u rre n t e f f ic ie n c y  and su rfa ce  appearance o f  th e  d e p o sits  under th e  
SEM were determ ined a t  c u rre n t d e n s i t ie s  o f  1, 2 .5 , 5, 10 and 20 A dm .
The experim ental p rocedure  fo r  th e se  techn iques i s  g iven  in  s e c t io n  3 .5 
and 3 .9 . The p la t in g  tim e was a d ju s te d  so th a t  a f ix e d  q u a n ti ty  o f  
e l e c t r i c i t y  was p assed  through a l l  th e  c e l l s  du ring  th e  experim ent.
5 .4 .3 . R esu lts  and d is  cuss ion
The ca th o d ic  p o la r iz a t io n  curves a re  g iven  in  f i g .  40. Coup a re  d 
w ith  the  u n d ilu te d  b a th , th e  va lue  o f  c u r re n t d e n s ity  o b ta in ed  f o r  a
146
P
O
L
A
R
IZ
A
T
IO
N
 
(m
v)
60 0i
200
- - -  still
—  st irred
—  Hydroson
—  ultrasonic
10 2 0
LOG C U R R E N T  D E N S IT Y  Amr 2
Fig 40 Cathodic polarization curves in dilute electrolyte
CN1
CNI
K) oo
LO
<NI
OO
i—ILO vO
CSI
00 oo LOcn
to
00rH CT1CNI
COCO
0
P&Ofn
PU
CD
i—I 
0
0
P
cdo
Pi
• HN
0
3
r—I
j§
+->
<2
&
S•HO
• Hmm
0
psu
su
o
o
p
cdu
0 I—I•aH
Fi
g 
41 
V
ar
ia
ti
on
 
in 
su
rf
ac
e 
ap
pe
ar
an
ce
 
wi
th
 
cu
rr
en
t 
de
ns
it
y 
in 
di
lu
te
 
el
ec
tr
ol
yt
e
g iven  o v e rp o te n tia l  i s  much low er f o r  a l l  types o f a g i ta t io n .  Hydrosonic 
and u l t r a s o n ic  a g i ta t io n  bo th  reduced th e  ca th o d ic  p o la r iz a t io n  compared 
w ith  no a g i ta t io n  and w ith  m agnetic s t i r r i n g .  Depending on th e  v a lu e  o f  
o v e rp o te n tia l ,  Hydrosonic a g i ta t io n  gave a h ig h e r  o r  low er v a lu e  o f  
c u rre n t d e n s ity  th an  u l t r a s o n ic  a g i ta t io n .
The ca th o d ic  c u rre n t e f f ic ie n c y  v a lues a re  given in  Table 17. The
p e rcen tag e  v a lu e  re p re se n ts  th e  f r a c t io n  o f  th e  e l e c t r i c i t y  t h a t  was used
to  d e p o s it z in c , th e  rem aining c u rre n t was used in  th e  p ro d u c tio n  o f
hydrogen. As e j e c t e d  th e  c u rre n t e f f ic ie n c y  decreased  as th e  c u rre n t
d e n s ity  was r a is e d .  Hence i t  can be seen  th a t  f o r  a l l  th e  b a th s ,  i t  i s
- 2more economical to  use a  c u rre n t d e n s ity  o f  1 A dm th an  a h ig h e r  c u rre n t
d e n s ity . At a l l  v a lu es  o f  c u r re n t d e n s ity , Hydrosonic and u l t r a s o n ic
a g i ta t io n  co n sid e rab ly  in c re a se d  th e  v a lu e  o f  c u rre n t e f f ic ie n c y  compared
w ith  no a g i ta t io n  and m agnetic s t i r r i n g .  At th e  favoured  c u rre n t d e n s ity  
_2
o f  1 A dm Hydrosonic a g i ta t io n  gave th e  h ig h e s t  v a lu e .
The su rfa c e  appearance o f  th e  d ep o sited  z inc  as view ed under the
SEM i s  shown i n  f i g .  41. Very l i t t l e  d e p o s it was formed a t  a c u rre n t 
- 2d e n s ity  o f  20 A dm w ith  no a g i ta t io n  and w ith  m agnetic s t i r r i n g ,  so  th e se
a re  n o t shown. I t  can be seen  th a t  co n sid e rab ly  more z in c  i s  d e p o s ited
w ith  H ydrosonic and u l t r a s o n ic  a g i ta t io n  th an  fo r  s t i l l  o r  s t i r r e d
s o lu t io n .  F u r th e r , f l a t  d e p o s its  were o b ta in ed  fo r  H ydrosonic and
- 2u l t r a s o n ic  a g i ta t io n  a t  1 A dm . The morphology o f  th e  d e n d r i t ic  growth 
i s  a lso  m arkedly a f fe c te d  by th e  type  o f  a g i ta t io n .  Thus fo r  th e  
recovery  o f  z inc  from d i lu te  s o lu t io n s ,  i t  shou ld  be p o s s ib le  to  produce 
z inc  powder o f  a p a r t i c u la r  shape and s iz e  by c a r e fu l ly  c o n tro l l in g  
th e  c u rre n t d e n s ity  and degree o f  a g i ta t io n .
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5.4.4 Conclus ions
The most economic c u rre n t d e n s ity  f o r  recovery  o f  z in c  from th e  d i lu te
- 2z in c a te  s o lu t io n  was 1 Adm . A t th i s  c u rre n t d e n s ity , Hydrosonic a g i ta t io n  
in c re a se d  th e  c u rre n t e f f ic ie n c y  by approxim ately  5 fo ld  compared w ith  no 
a g i ta t io n  and 3-4 fo ld  compared w ith  m agnetic s t i r r i n g .
Hence Hydrosonic a g i ta t io n  may be econom ically  v ia b le  fo r  th e  
recovery  o f  m etals from m etal f in is h in g  e f f lu e n ts  o r  sp en t p la t in g  
s o lu t io n s ,  p a r t i c u la r ly  as i t  lead s  i t s e l f  to  i n s t a l l a t i o n  in  e x is t in g  
ta n k s , and the  m aintenance co sts  a re  com paratively  low. I t  may a lso  be 
p o s s ib le  to  re c y c le  the  rep ro cessed  a c id  o r  a lk a l i  and save  money r a th e r  
than  have to  pay fo r  th e  d isp o sa l o f  th e  to x ic  e f f lu e n t .
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CHAPTER 6 FLOW RATE AND DIFFUSION LAYER THICKNESS 
6.. 1 In tro d u c tio n
The flow r a te  and d if fu s io n  la y e r  th ick n ess  a re  determ ined in  th i s
c h a p te r , because bo th  th e se  param eters a re  im portan t in  e lec tro ch em ica l
fLQ
s tu d ie s .  F u r th e r , i t  i s  w e ll known from re la t io n s h ip s  such as th e  Levich 
eq u atio n  th a t  th e  flow r a te  has a marked e f f e c t  on th e  d if fu s io n  la y e r  
th ic k n e ss .
The work in  th e  p rev ious c h ap te r  on z inc  e le c tro d e p o s it io n  from th e  
z in c a te  e le c t r o ly te  has shown th a t  the  e f f e c t  o f  u l t r a s o n ic  and H ydrosonic 
a g i ta t io n  a re  s im i la r .  Both types o f  a g i ta t io n  reduce th e  th ic k n e ss  o f  
th e  d if fu s io n  la y e r  compared w ith  m agnetic s t i r r i n g  o r  no a g i ta t io n  
(see  s e c t io n  5 .2 .1 a ) .  U nlike u l t r a s o n ic  a g i ta t io n ,  H ydrosonic a g i ta t io n  
does n o t p e r fo ra te  m etal f o i l ,  so th a t  i t  can be concluded th a t  c a v i ta t io n  
does n o t occur a t  th e  su rfa c e  o f  a m etal immersed in  th e  Hydroson tan k . 
Hence th e  re d u c tio n  o f  th e  d if fu s io n  la y e r  th ick n ess  i s  p robab ly  due to  th e  
h igh  flow  ra te s  produced by th e  Hydroson g e n e ra to rs .
The complex hydrodynamic n a tu re  o f  th e  Hydroson system  makes i t  
d i f f i c u l t  to  determ ine q u a n t i ta t iv e ly  th e  flow r a te  o f  e le c t r o ly te  acro ss  
th e  cathode s u r fa c e . An a g i ta t io n  system  o f a b e t t e r  d e fin e d  hydrodynamic 
n a tu re  was th e re fo re  re q u ire d  to  model th i s  system  and a llow  a more 
th e o r e t ic a l  approach to  be made. Because th e  flow  r a te  o f  th e  Hydroson 
system  is  n o t known, i t  i s  n ecessa iy  to  s tudy  a comparable tech n iq u e  in  
which th e  r a te  o f  flow  must be c o n tro l la b le  over a wide range up to  a 
h igh  v a lu e . F u r th e r , as th e  Hydroson j e t s  impinge a t  90°, th e  flow  must 
be o f  a  tu rb u le n t and n o t lam inar n a tu re .
Although th e  r o ta t in g  d is c  e le c tro d e  i s  th e  s tan d a rd  method fo r  
reducing  mass t r a n s f e r  r a te s  in  e lec tro ch em ica l s tu d ie s ,  i t  was n o t 
s u i ta b le  because lam inar flow is  o b ta in ed  even a t  h igh  r o ta t io n  sp eed s .
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The ro ta t in g  c y lin d e r  e le c tro d e , however, s a t i s f i e s  th e  above c r i t e r i a .
A l i t e r a t u r e  review  on th e  r o ta t io n  o f  th e  cathodes on th e  e le c tro d e p o s it io n  
o f  m e ta ls , ( s e c tio n  2 .2 .6 ) showed th a t  th e  e f f e c ts  a t  h ig h  r o ta t io n  speeds 
were s im ila r  to  th o se  o b ta in ed  from u l t r a s o n ic  a g i ta t io n  fo r  c e r ta in  
m e ta ls . As c a v i ta t io n  i s  u n lik e ly  to  occur a t  th e  su rfa c e  o f  a r o ta t in g  
c y lin d e r  e le c tro d e , th e  e f f e c t s  a re  co n sidered  to  be even more l ik e ly  
to  be comparable w ith  H ydrosonic a g i ta t io n .
P re lim in a iy  s tu d ie s  were made on th e  e le c tro d e p o s it io n  o f  z in c  from
_3
th e  p la in  z in c a te  b a th  on a c y l in d r ic a l  cathode o f  d iam eter 6 x 10 m and 
_2h e ig h t 1 x 10 m ro ta te d  a t  speeds o f  100 to  3000 re v o lu tio n s  p e r  m inute 
(r .p .m .)  ( fo r  experim ental p rocedure see  s e c t io n  3. i Z ) .  The c y lin d e rs  
were removed from th e  b a th  and examined in  th e  S.E.M.
The su rfa ce  appearances a t  x 2000 m ag n ific a tio n  a re  i l l u s t r a t e d  in  
f i g .  42. At 100 and 300 r .p .m . th e  s iz e  and shape o f  th e  c r y s t a l l i t e s  
were very  s im ila r  to  th o se  o b ta in ed  when th e  b a th  was a g i ta te d  w ith  a 
m agnetic s t i r r e r ,  i .e . .  co n sid e rab le  f a c e t t in g .  Less f a c e t t in g  o ccu rred  
when th e  r o ta t io n  speed was in c re a se d  to  700 and 1100 r .p .m . A sharp  
re d u c tio n  in  c r y s t a l l i t e  s iz e  o ccu rred  between 1100 and 1500 r .p .m . and 
th e  appearance o f  th e  su rfa ce  between 1500 and 3000 r .p .m . was th e n  v ery  
s im i la r  to  th a t  o f  d ep o sits  o b ta in ed  under Hydrosonic a g i ta t io n .  The 
mean v a lu e  o f  76 _+ 5 Hv^q fo r  th e  m icrohardness o f  th e  d e p o s it formed 
a t  3000 r.p .m . was very  c lo se  to  th e  value  o f  80 _+ 7 Hv^q f o r  H ydrosonic 
a g i ta t io n  and h ig h e r th an  those  o f  68 _+ 5 and 51 ^  6 Hv^q f o r  m agnetic  
s t i r r i n g  and u l t r a s o n ic  a g i ta t io n  re s p e c tiv e ly . These f in d in g s  thus 
confirm  th e  im pression  gained  from th e  l i t e r a t u r e  and i t  was concluded 
th a t  a r o ta t in g  e le c tro d e  would model adequate ly  th e  Hydroson .system .
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6.2 Determ ination of the flow ra te  in  the  Hydroson tank
6 .2 .1  A T heoretica l Approach
The v e lo c ity  o f so lu tio n  a t  a given d istance from a s in g le  j e t  may 
be estim ated  by considering a Hydroson generator as a f re e  tu rb u len t j e t  
( f ig .  43). A j e t  is  considered ’’f re e ” when i t s  c ro ss -se c tio n a l area 
is  le ss  than 20% of the to ta l  c ro ss -se c tio n a l flow area o f  the  region 
through which i t  is  flowing .
constan t v e lo c ity  core
Locus o f 
h a lf  cen tre  
v e lo c i t ie s
v e lo c ity
p ro f i le
xn
x.'VO'
v e lo c ity
p ro f i le
F ig. 43 Diagram of a fre e  tu rb u len t j e t
A fre e  j e t  i s  considered to  have four flow regimes:
i)  A region of flow estab lishm ent, extending to  about 6 .4  nozzle 
diameters (xvq ( f ig .  43), i . e .  0< x ^  6.4 dn where dn is  the nozzle 
diam eter. The f lu id  in  th is  region has a core v e lo c ity  about the  same 
as the discharge v e lo c ity  v from the nozzle.
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i i )  A t r a n s i t io n  reg io n  between 6 .4  dn and 8 dn »
i i i )  A reg io n  o f  e s ta b lis h e d  flow , ex tending  ou t to  about 100
iv ) A te rm in a l re g io n  where th e  c e n tr e l in e  v e lo c i ty  decreases 
s te e p ly  towards zero .
The h a lf -a n g le  o f  a cone formed by th e  locus o f th e  h a l f  c e n tr e l in e  
v e lo c i t ie s  i s  d e fin ed  as th e  j e t  an g le , which i s  about 5°
A pproxim ately 45% o f  th e  t o t a l  volume flow  i s  w ith in  t h i s  h a l f  speed  cone. 
The o u te r  l im its  o f  th e  j e t  a re  le s s  w e ll d e fin ed , b u t can be approxim ated 
by a cone o f  h a l f  ang le  10°.
The a x ia l  v e lo c i ty  o f  th e  j  e t  decreases w ith  in c re a s in g  d is ta n c e  x 
from th e  nozzle  accord ing  to :
vx (c e n tre )  = xvo fo r  x >  x
VO
V  Xxn
o r vx (c en tre ) ^ * ^ n  vxn   (6*1)
The flow  v e lo c i ty  a t  th e  nozzle  (v ) fo r  one o f  th e  Hydroson 
gen era to rs  was determ ined exp erim en ta lly  by h o ld in g  th e  end o f  a w ide 
bore  ru bber tube over one o f  th e  n o z z le s , and m easuring th e  volume (V) 
o f  s o lu t io n  c o lle c te d  in  a g iven  tim e ( t ) . The v a lu e  o f  v was th en  
o b ta in ed  from :-
    (6 . 2)
TT .t.(dn) 2
_3
where dn = th e  d iam eter o f  th e  n o zz le  = 4 x 10 m
For t  = 60 seconds th e  measured volume o f  s o lu t io n  through th e  n o zz le  (V)
-3  3 -  -1was 9 l i t r e s ,  (9 x  10 m ) ,  th e re fo re  v  = 11.9 ms * xn
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This va lue  perm its  th e  c a lc u la t io n  from 6 .1  o f  th e  c e n tr e l in e  v e lo c i ty
a t  any d is ta n c e  from th e  n o zz le . At a d is ta n c e  o f  x = 0.17m which
corresponds to  th e  d is ta n c e  from th e  Hydroson g en e ra to r n o zz le  a t  th e  fo c a l
p o in t o f  th e  two j  e ts  th e  value  o f  v  . , ^ ,^ J x  ( c e n t r e ) ’
\  (c e n tre )  = A x .IOl3. , , H -9
0 .17
= 1.79 ms ^
This c a lc u la t io n , however, assumes th a t  th e  j e t  i s  emerging in to  a s ta t io n a r y  
f lu id .  I t  does n o t ta k e  in to  account th e  e f f e c t  o f  the  o th e r  j e t s  and 
th e re fo re  th e  v a lu e  can only  be co n sid ered  as an approxim ation .
6 .2 .2  An experim en tal approach
a) In tro d u c tio n
For any e le c tro d e p o s it io n  system , th e  th ick n ess  o f  th e  N em st d if fu s io n  
la y e r  i s  depend n t  on the  v e lo c i ty  flow  r a te  a t  th e  cathode s u r fa c e . The 
d if fu s io n  la y e r  th ick n ess  can be c a lc u la te d  u s in g  experim en tal v a lu es  o f  
l im it in g  c u rre n t d e n s ity  o b ta in ed  from ca th o d ic  p o la r iz a t io n  c u rv es . Hence 
in  a d e fin ed  hydrodynamic system  such as th e  r o ta t in g  c y lin d e r  e le c tro d e , 
th e  l im it in g  c u rre n t d e n s ity  can be r e la te d  to  th e  flow  v e lo c i ty  a t  th e  
cathode su r fa c e . The th e o r e t ic a l  r e la t io n s h ip  between an g u la r v e lo c i ty  and 
l im it in g  c u rre n t d e n s ity  f o r  th e  r o ta t in g  c y lin d e r  e le c tro d e  system  i s  
review ed in  s e c t io n  ( 2 .2 .7 ) .
In  th i s  work, v a lu es  o f  l im it in g  c u rre n t d e n s i t ie s  were o b ta in e d  from 
ca th o d ic  p o la r iz a t io n  curves f o r  a ro ta t in g  c y lin d e r  e le c tro d e  a t  v a r io u s  
ro ta t io n  speeds in  the  p la in  z in c a te  b a th . P lo ts  o f  l im it in g  c u rre n t 
d e n s ity  ve rsu s  an g u lar v e lo c i ty  were made. The l im it in g  c u rre n t d e n s ity  
was a lso  determ ined in  the  same e le c t r o ly te  under c o n d itio n s  o f  H ydrosonic 
a g i ta t io n .  The ro ta t io n  speed (an g u la r v e lo c ity )  o f  th e  r o ta t in g  c y lin d e r
157
e le c tro d e  g iv in g  th e  same value  was th en  o b ta in ed  from th e  graph o f  
l im it in g  c u rre n t d e n s ity  versus an g u la r v e lo c i ty .  This an g u la r v e lo c i ty  was 
converted  to  th e  co rresponding  l in e a r  v e lo c i ty ,  which was co n sid e red  to  be 
a good approxim ation o f  th e  average flow  v e lo c i ty  acro ss  th e  cathode in  
th e  Hydroson tan k .
b) Experim ental
P o la r iz a t io n  curves were o b ta in ed  f o r  th e  r o ta t in g  c y lin d e r  e le c tro d e  
under th e  co n d itio n s  d e sc rib ed  in  s e c tio n  3 .12 . To ensure  c o n s is te n t  va lues 
o f  o v e rp o te n tia l  a la y e r  o f  z in c  was i n i t i a l l y  d ep o sited  on to  th e  s t e e l  
cathode a t  a p o te n t ia l  o f  -1 .5 3  v  ( w . r . t .  calom el) b e fo re  th e  p o la r iz a t io n  
measurements were made. The o v e rp o te n tia l  va lues th e re fo re  re p re se n t th e  
a p p lie d  p o te n t ia l  above th e  r e s t  p o te n t ia l  o f  z in c  (-1 .4 5  v  w . r . t .  ca lo m el).
C athodic p o la r iz a t io n  curves were drawn f o r  r o ta t io n  speeds o f  300, 700, 
1100, 1500, 1900, 2300 and 3000 r .p .m . The p a r t  o f  th e  curve due to  th e  
d e p o s it io n  o f  z inc  was e x tra p o la te d  to  o b ta in  the  value  o f  l im i t in g  c u rre n t 
d e n s ity  (see  s e c t io n  5 .1 . l a ) .
c) R esu lts
C athodic p o la r iz a t io n  curves f o r  th e  r o ta t in g  c y lin d e r  e le c tro d e  a re
g iven  in  f i g .  44. Values o f  l im it in g  c u r re n t  d e n s ity  o b ta in ed  from th e
curves a re  p lo t te d  a g a in s t  an g u lar v e lo c i ty  in  f i g .  45. T h e 'cu rve  fo r
Hydroson a g i ta t io n  i s  a lso  in c lu d ed  on th e  o v e rlay in g  tra n s p a re n t  s h e e t .
The shape o f  th e  curve co incides w e ll w ith  th e  fam ily  o f curves f o r  th e
ro ta t in g  c y lin d e r  e le c tro d e . A value  o f  l im it in g  c u rre n t d e n s ity  o f 
_2
1820 Am was o b ta in ed  f o r  Hydroson a g i ta t io n  by e x tra p o la t io n  o f  t h i s  cu rve .
From the  experim ental curve in  f i g .  45 a l im it in g  c u rre n t d e n s ity  o f  th i s
v a lu e  would be g iven  by the  r o ta t in g  c y lin d e r  e le c tro d e  a t  an a n g u la r
-1v e lo c i ty  (to) o f 356 ra d  s . This can be converted  to  an e q u iv a le n t
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l in e a r  v e lo c i ty  (p e r ip h e ra l v e lo c i ty  U) acro ss  th e  cathode su rfa c e  
accord ing  t o : -
U = cdR .........  (6 .3 ) where Ctf = an g u lar v e lo c i ty
R = rad iu s  o f  th e  c y lin d e r  
= 3.25 x 10 \ i  
th e re fo re  U = 356. 3.25 x 10~^
1.16 ms ^
Hence th e  ex p erim en ta lly  determ ined v a lu e  o f  flow  v e lo c i ty  in  th e  
Hydroson tank  a t  th e  cathode su rfa c e  was 1.16 ms
d) D iscussion
The r e la t io n s h ip  between su rfa c e  v e lo c i ty  and the  l im it in g  c u rre n t
d e n s ity  determ ined above can be compared w ith  th a t  expected  from th e o r e t ic a l
102 ,103
c o n s id e ra tio n s  u s in g  th e  E iseriberg eq u a tio n . As d iscu ssed  in  s e c t io n  
106
(2 .2 .7 ) ,  M izushina proposed th a t  c e r ta in  c r i t e r i a  must be observed  when 
u s in g  such mass t r a n s p o r t  e q u a tio n s . These c r i t e r i a  a re  now co n sid e red  as 
a p p lie d  to  th e  d e p o s it io n  o f z in c  from a z in ca te  b a th .
i )  The re a c t io n  must be d if fu s io n  c o n tro lle d .
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K udiyavtsev showed th a t  c o n ce n tra tio n  p o la r iz a t io n  was 
th e  predom inant type  o f  p o la r iz a t io n  in  z in ca te  s o lu t io n s .  For 
c o n ce n tra tio n  p o la r iz a t io n  to  be dominant th e  r e a c t io n  must be 
d if fu s io n  c o n tro lle d .
i i )  The re a c t io n  must be s to ic h io m e tr ic  and th e  number o f  e le c tro n s
in  ach iev in g  d isch arg e  (n) i s  known and c o n s ta n t.
D eposition  o f  z inc  ions can be re p re se n te d  in  i t s  -s im p lest
form a s : -
Zn2+ > Zn + 2e    (6 .4 )
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In  a z in ca te  s o lu t io n , th e  d e p o s it io n  re a c tio n  i s  n o t so sim ple , and 
proceeds v ia  th e  decom position o f  sodium z in ca te  to  n e g a tiv e ly  changed 
z in ca te  ions (ZnO  ^ > HZnC  ^ and Zn (OH) ^ ) .  These ions a re  reduced
to  m e ta l l ic  z inc  a t  th e  cathode by th e  re a c tio n s  proposed by equations 
2 .6 , 2 .7  and 2 .8 . A ll th re e  re a c tio n s  invo lve  two e le c tro n s  and th e re fo re  
a v a lu e  o f  n  = 2 was used  in  th e  c a lc u la t io n s .
i i i )  The c u rre n t e f f ic ie n c y  must be 100%.
The c u rre n t e f f ic ie n c y  was n o t measured fo r  th e  r o ta t in g
c y lin d e r  e le c tro d e  due to  th e  n e c e s s i ty  o f  a s p e c ia l is e d  experim en tal
tech n iq u e . The ca th o d ic  c u rre n t e f f ic ie n c y  should  be v e ry  s im ila r  to  th a t
o b ta in ed  under co n d itio n s  o f  H ydrosonic a g i ta t io n  i . e .  98% a t  a c u r re n t 
- 2d e n sity  o f  2 Adm . At h ig h e r c u rre n t d e n s i t ie s ,  th e  c u rre n t e f f ic ie n c y  
would decrease  due to  th e  e v o lu tio n  o f  hydrogen. The e f f e c t  o f  hydrogen 
e v o lu tio n  on p o la r iz a t io n  i s  taken  in to  accoun t, however, when th e  p a r t  
o f  th e  curve r e la te d  to  d e p o s itio n  o f  z in c  ions i s  e x tra p o la te d  to  th e  
l im it in g  va lue  o f  c u rre n t d e n s ity .
iv ) A ^curren t d e n s ity  must be c le a r ly  read  from a p o te n t ia l  -  c u rre n t 
d e n s ity  p o la r iz a t io n  graph.
The l im it in g  c u rre n t d e n s ity  was e a s i ly  determ ined  from th e  
p o la r iz a t io n  curves i n  th e  z in c a te  s o lu t io n  by e x tra p o la t io n . The method 
was, however, s u b je c t to  a c e r ta in  amount o f  e r r o r  due to  th e  e x tra p o la t io n  
te c h n iq u e .
I t  can be seen  th a t  th e  c r i t e r i a  were s u f f i c i e n t ly  w e ll s a t i s f i e d  to  
use  th e  E isenberg  eq u atio n  to  o b ta in  th e  p re d ic te d  curve fo r  i ^ ^  ve rsu s  
an g u lar v e lo c i ty  fo r  th e  z in c a te  s o lu t io n . The va lue  o f  k in em atic  
v is c o s i ty  (v) fo r  th e  p la in  z in ca te  s o lu t io n  was o b ta in ed  from ex p erim en ta l 
va lues o f  c o e f f ic ie n t  o f  v is c o s i ty  (r|) and d e n s ity  (p ) . An Ostwald
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v iscom eter was used to  determ ine th e  c o e f f ic ie n t  o f  v i s c o s i ty  and a va lue
-3  -1  -1o f  1.79 c e n tip o ise  (1.79 x 10 Kg m s ) was o b ta in ed . The d e n s ity
was m easured by th e  s ta n d a rd  d e n s ity  b o t t l e  techn ique which gave a va lue
-3  3 -3o f  1.105 gem (1.105 x 10 Kg m ) .  The k inem atic  v is c o s i ty  was g iven
b y :-
v = ]1 = 1.79 X 10~5 = 1.62 X  lC f6 m2 s _1
P 1.105 x  103
-10 -1The v a lu e  o f  d if fu s io n  c o e f f ic ie n t  D used was th a t  o f  6 .8  x 10 ms
34given  by B ockris . The va lue  was fo r  z in c a te  ions in  a s o lu t io n
- 1  _ i
co n ta in in g  0 .65  gL z inc  in  po tassium  hydroxide 100 gL and was in
1 lxgood agreem ent w ith  th a t  o b ta in ed  by McBreen. I t  a lso  compares f a i r l y  w e ll 
w ith  th e  value o f  9 x 10 ^  ms ^ g iven  by Popova e t  a i 6J o r  z in c a te  io n s  
in  a s o lu t io n  o f  potassium  hydroxide (56 gL ^ ) . I t  appears th a t  no v a lues 
a re  a v a ila b le  fo r  z in ca te  io n s  in  sodium hydrox ide, b u t i t  i s  co n sid e red  
th a t  th e  va lue  would be very  s im ila r .
In  th e  E iseriberg eq u a tio n , th e  l im it in g  c u rre n t d e n s ity  i s  dependent
0 7on th e  an g u lar v e lo c i ty  to  th e  power 0 .7  ( i^  = K U * ) .  The curve determ ined 
ex p erim en ta lly  from p o la r iz a t io n  measurements i s  p lo t te d  on th e  same ax is  
as th e  p re d ic te d  curve ( f ig .  45). The experim ental curve g iv es  a
0 7dependance o f  l im it in g  c u rre n t d e n s ity  on an g u lar v e lo c i ty  o f  i^— K U 
f o r  va lu es  o f  to ^ 1 2 0  rads ^ and K l/**8 as fo r  co> 1 6 0  ra d s - '*'.
Agreement between th e  experim ental curve and the  th e o r e t ic a l  curve i s  
encouraging . The reason  f o r  th e  d if fe re n c e  in  th e  power o f  U i s  p robab ly  
due to  some com bination o f  a v a r ia t io n  in  the  degree o f  tu rb u le n c e , th e  
roughness f a c to r  o f  th e  c a th o d e ,o r th e  e v o lu tio n  o f  hydrogen as 
d iscu ssed  in  s e c tio n  ( 2 .2 .7 ) .  O ther w orkers89,90 a lso  o b ta in ed  a v a lu e
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- I
The v a lu e  o f  1.16 ms f o r  th e  v e lo c i ty  o f  s o lu tio n  flow ing across  
th e  cathode p o s it io n e d  a t  th e  fo c a l p o in t o f  th e  upper two j e t s  in  th e  
Hydroson tank  agrees f a i r l y  w e ll w ith  th e  th e o r e t ic a l  va lue  o f  1.79 ms  ^
g iven  in  s e c t io n  6 .2 .1 . I t  i s  n o t s u rp r is in g ,  however, th a t  th e  
experim ental value i s  low er, because only  one j e t  was con sid ered  in  th e  
th e o r e t ic a l  tre a tm en t and no allow ance was made fo r  th e  a c t io n  o f  th e  o th e r  
j e t s .  The p a i r  o f  upper j e t s  impinge a t  th e  same p o in t on th e  cathode 
su rfa ce  from a d i r e c t io n  p e rp e n d ic u la r  to  each o th e r  ( f ig .  24). The e f f e c t  
o f  one j e t  on th e  o th e r  would p robab ly  reduce th e  flow  v e lo c i ty  as 
observed  in  th e se  r e s u l t s .
The value  fo r  the  flow v e lo c i ty  a t  th e  cathode a lso  c o r r e la te s  f a i r l y  
w e ll w ith  th e  work o f  Naybour6on th e  morphology o f  z in c  d e p o sits  from a
flow ing z in ca te  e le c t r o ly te  c o n ta in in g  z in c  oxide 19.1 glT^ and po tassium
-1  -1hydroxide 325 gL ( s e c t io n  2 .2 .5 ) .  For a flow  v e lo c i ty  o f  1 .16 ms ,
h is  graph o f  morphology o f  th e  d e p o s it as a fu n c tio n  o f  flow  v e lo c i ty  and
c u rre n t d e n s ity  p re d ic ts  a change from f l a t  to  b o u ld e r type growth a t
c u rre n t d e n s it ie s  between about 25 -  30 Adm . In  th e  p re s e n t work ( s e c tio n
_2
5 .1 .2 a ) th e  change occu rred  between 15 -  20 Adm . I t  shou ld  be n o ted , 
however, th a t  th e  c o n ce n tra tio n  o f  z in c  and a lk a l i  was c o n sid e rab ly  h ig h e r  
in  Naybours e le c t r o ly te  than  in  th e  e le c t r o ly te  used in  t h i s  work, which 
would ten d  to  r a is e  th e  c u rre n t d e n s ity  range re g a rd le ss  o f  flow  r a t e .
Hence i t  i s  co n sid e red  th a t  the  couparison  w ith  Naybours work p ro v id es  
f u r th e r  evidence th a t  th e  va lu e  o f  1.16 ms ^ i s  a good approxim ation  o f  
th e  flow  v e lo c i ty  a t  th e  cathode su rface , in  th e  Hydroson ta n k .
The flow  r a te  determ ined by th e  e lec tro ch em ica l method i s  dependent 
on the  measurement o f  l im it in g  c u rre n t d e n s i t ie s  from ca th o d ic  p o la r iz a t io n  
s tu d ie s .  As d iscu ssed  in  s e c tio n  5 .1 .1 a  th e  l im it in g  c u rre n t d e n s i t ie s  
were a lso  liised to  c a lc u la te  va lues o f  th e  N em st d if f u s io n  la y e r  th ic k n e s s .
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Hence b o th  th e  v a lues o f  flow  ra te  and d if fu s io n  la y e r  th ic k n e ss  a t  th e  
cathode su rfa ce  in  th e  Hydroson b a th  a re  c lo se ly  r e la te d .
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The method o f  C as tle  and Tremaine f o r  determ in ing  th e  d if f u s io n  la y e r  
th ic k n e ss , depends on the  pH s h i f t  a t  th e  cathode fo r  th e  p r e c ip i ta t io n  o f  
magnesium hydroxide from d i lu te  magnesium c h lo rid e  s o lu t io n s .
Hence th e  v a lu e  o f  13.5 jim, f o r  th e  d if fu s io n  la y e r  th ic k n e ss  o f  
H ydroson ically  a g i ta te d  z in ca te  e le c t r o ly te  was used to  c a lc u la te  th e  
d if fu s io n  la y e r  f o r  magnesium hydroxide p r e c ip i ta t io n  in  d i lu te  magnesium 
c h lo rid e  under th e  same a g i ta t io n  c o n d itio n s , and C astle  and T rem aine 's 
method was used to  v e r i fy  th is  v a lu e .
6 .5  E s tim a tio n  o f  th e  d if fu s io n  la y e r  th ick n ess  fo r  ca th o d ic
p r e c ip i ta t io n  o f  magnesium hydroxide
102 , 103
The E isenberg  eq u a tio n  g ives a r e la t io n s h ip  between i ^ m, p e r ip h e ra l  
v e lo c i ty  U (=ljR) , cathode rad iu s  R, K inem atic v is c o s i ty  v and d if f u s io n  
c o e f f ic ie n t  D f o r  a ro ta t in g  c y lin d e r  e le c tro d e .
i Lim = 0.0791 n F c ° i P- 7 J v p 644-   (2>19)
F ic k 's  f i r s t  Law o f  d if fu s io n  s ta t e s  th a t  i j ^ m = -Dn F C° . . . .  (2 .13)
6
where C° i s  th e  bu lk  co n ce n tra tio n . Hence th e  E isenberg  eq u a tio n  can be 
re w r it te n  i n  terms o f  6 i . e .
c- o6 = -  DnF C„
4Lim
8 = -  DnF C? I f 0 ,7  f R \ 0 ,3  ( v \ °* 644
0.0791 nF C? \ v j \ D,
T herefo re  6 =  12.64 i f 0 *7 R ° * 3 p0,356 v 0,344   (6 .5 )
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For th e  e le c tro d e p o s it io n  o f  z inc  from th e  z in ca te  e le c t r o ly te  and 
a lso  the p r e c ip i t a t io n  o f  magnesium hydroxide from 0.01  M magnesium 
c h lo rid e  th e  hydrodynamic co n d itio n s  w i l l  be th e  same in  th e  Hydroson 
tank  i f  the  cathodes a re  supported  in  th e  same p o s i t io n  in  each ca se . 
T herefo re  assuming th a t  th e  r o ta t in g  c y lin d e r  e le c tro d e  approxim ates to  
th e  H ydrosonic a c t io n  eq u a tio n  (6 .5 ) can be w r i t t e n  as
c . . n0 .350 0.344 ss ^o  = c o n s ta n t D v .........  (6 .6 )
Using th e  8 va lu e  o f 13.5pm fo r  th e  z in c  e le c tro d e p o s it io n  p ro cess
o b ta in ed  from measurements ( s e c tio n  5 .1 .1 a ) ,  th e  va lue  o f
D = 6 .8  x  1 0 " ^  m^s ^ f o r  th e  d if fu s io n  c o e f f ic ie n t  o f  z in c a te  io n s  and
v = 1.62 x 10 6 m^s \  a v a lu e  o f  2.432 x  10^ f o r  the  c o n sta n t was
o b ta in ed . This v a lu e  fo r  th e  co n s ta n t which i s  a fu n c tio n  o f  th e
hydrodynamic c o n d itio n s  can be used to  c a lc u la te  th e  va lue  o f  5  fo r  th e
magnesium hydroxide p r e c ip i ta t io n  re a c t io n .  The value  o f  d if f u s io n
-9 2 -1c o e f f ic ie n t  fo r  hydroxyl ions ( 5 . 2 x 1 0  m s  ) was used s in c e  th e
d if fu s io n  o f  OH” io n s  was co n sidered  to  be th e  r a te  c o n tro l l in g  f a c to r .
The k in em atic  v isco s ity (v )w as  assumed to  be th e  same as f o r  d i s t i l l e d
“6 2 1w a te r ( = 1.002 x 10 m s  ) because th e  c o n ce n tra tio n  o f  magnesium 
c h lo rid e  (0 .01 M) was very  low. The v a lu e  o f  8 was then  g iven  a s :
6 =  2.432 x  106 x (5 .20  x 1 0 '9) 0-356 x (1.002 x  10~6) 0 ' 344
= 23.5 pm
1 ft 7The V ie ls t ic h  eq u a tio n  fo r  tu rb u le n t  flow across a p la n e  su rfa c e  
g ives a d i f f e r e n t  dependence o f  the  d if fu s io n  la y e r  th ick n ess  on th e  v a lu es  
o f  D andv i e ,
c ^  T0 .1  -0 .9  0.566 n0.3338 ^  L v ^  v D   (6 .7 )
where L i s  th e  d is ta n c e  from th e  edge a long  th e  d i r e c t io n  o f  flow  on 
th e  su r fa c e .
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v^= th e  flow  v e lo c i ty  o f  th e  s o lu t io n  p a r a l l e l  to  th e  su rfa c e  in  
th e  d i r e c t io n  o f  th e  co -o rd in a te  L a t  i n f i n i t e  d is ta n c e .
U nlike s im i la r  equations by Levich fo r  lam inar flow , no p ro p o r t io n a l i ty  
c o n sta n t i s  g iven  fo r  tu rb u le n t flow , and th e re fo re  no c a lc u la t io n s  o f  6 
can be made u n le ss  th e  v a lu e  o f  th e  p ro p o r t io n a l i ty  c o n s ta n t i s  o b ta in ed . 
This eq u a tio n , however, can be t r e a te d  as f o r  th e  E isenberg  eq u a tio n  i f  
th e  hydrodynamic co n d itio n s  a re  k e p t c o n s ta n t. I t  may th en  be w r i t t e n  as:
c , , 0.566 -.0.333 0>.6 = c o n s ta n t v D   (6 .8 )
“ 6 2 “ 1Using th e  v a lu es  o f  v and D f o r  th e  z in ca te  s o lu tio n  o f  1.62 x 10 m s
“10 2 “1 6 and 6 .8  x  10 m s  re s p e c tiv e ly  th e  value  o f  th e  c o n sta n t = 2.888 x 10 .
Hence f o r  th e  magnesium hydroxide p r e c ip i ta t io n  re a c t io n , th e  
V ie ls t ic h  equation  would g ive a v a lu e  o f  8 o f : -
6  = 2.888 x  106 x  (1.002 x i c f 6) 0 ’566 x  (5 .20  x 10~9) 0-33
= 20pm.
From th e  c o n s id e ra tio n s , made i n  th i s  s e c t io n  th e  va lu e  o f  S a t  
th e  cathode su rfa ce  in  0 .01  M MgCl2 i s  thus e s tim ated  to  be betw een 
20 -  23.5pm.
6 .4  • D eterm ination  o f  th e  d if fu s io n  la y e r  th ick n ess  by measurement o f  
th e  pH change a t  a ca th o d ic  su r fa c e .
6 .4 .1  In tro d u c tio n
The ca th o d ic  re d u c tio n  o f  oxygen to  produce hydroxyl io n s  a t  th e  
cathode su rfa ce  g ives r i s e  to  an in c re a se  in  pH r e la t iv e  to  t h a t  in  th e  
bu lk  s o lu t io n  accord ing  to  th e  r e a c t io n : -
0 2 + 2H20 + 4e = 4 OH" .........  (6 .9 )
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The e x te n t o f  th e  in c re a se  depends on th e  c u rre n t d e n s ity  and th e  
d if fu s io n  la y e r  th ic k n e ss . Hence in  a w e ll a e ra te d  system , th e  
measurement o f  pH s h i f t  a t  a known c u rre n t d e n s ity  enables th i s  v a lu e  to  
be determ ined.
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C astle  and Tremaine s tu d ie d  th e  p r e c ip i ta t io n  o f  magnesium hydroxide 
from d i lu te  magnesium c h lo rid e  s o lu tio n  to  e s ta b l is h  th i s  r e la t io n s h ip ,  
and th i s  method i s  s u i ta b le  fo r  in v e s t ig a t in g  th e  d if fu s io n  la y e r  th ick n ess  
in  th e  Hydroson system .
The requirem ents fo r  a m athem atical in te r p r e ta t io n  o f  th i s  type  o f  
experim ent were g iven  by H a rris  . These a r e : -
a) a m easured hydrogen e v o lu tio n  c u rre n t
b) d e te c tio n  o f  th e  o n se t o f  p r e c ip i ta t io n
c) hydrodynam ically c o n tro lle d  exposure
C onditions a) was s a t i s f i e d  by u s in g  copper e le c tro d e s  p o la r iz e d  to
a p o te n t ia l  below zero  on th e  hydrogen s c a le .  This ensured  th a t  th e  only
c u rre n t c a r r ie r s  in  th e  s tead y  s t a t e  co n d itio n  were OH-  and H^0+ io n s  .
The d e te c tio n  o f  th e  o n se t o f  p r e c ip i ta t io n  (c o n d itio n  b )) a llow s th e
?+assum ption to  be made th a t  th e  n e t  f lu x  o f  Mg ions to  th e  su r fa c e  and
lo ss  o f  OH by p r e c ip i ta t io n  o f  magnesium hydroxide a re  n e g l ig ib le .  This
was determ ined by E le c tro n  Spectroscopy fo r  Chemical A nalysis  (ESCA), which
2 +d e te c te d  th e  p resence  o f  Mg ions on th e  su rfa ce  a f t e r  a c u r re n t  had 
been ap p lie d  to  th e  cathode. In  C as tle  and Trem aine’s work, c o n d itio n  
c) was s a t i s f i e d  by m agnetic s t i r r i n g  a t  a flow  r a te  o f  5 cm s~ ^ . In  th i s  
work, th e  cathodes were su b jec te d  to  H ydrosonic a g i ta t io n .
6 .4 .2  The Hydrodynamic model o f  C as tle  and Tremaine
In  view o f  co n d itio n s  a) and b) th e  cathode c u rre n t d e n s ity  f o r  th e
oxygen re d u c tio n  re a c t io n  can be s e t  equal to  th e  sum o f  th e  io n ic  c u rre n t
o f  hydroxyl ions away from, and hydrogen ions towards th e  e le c tro d e
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su rface , i . e .
i
A H'
(6 . 10)
where i  i s  the  cathode c u r re n t ,  A th e  a re a  o f  th e  cathode, J„ TJ_ and J u+On ri
r +  .a re  th e  io n ic  flu x es  o f  CH" and H ions re s p e c tiv e ly  and F i s  F araday’s 
c o n s ta n t.
Under s tead y  s t a t e  c o n d itio n s , F ic k ’s Law can be a p p lie d  fo r  th e  
d if fu s io n  o f  ions th rough th e  d if fu s io n  la y e r  (6 ) .
_ i  = J  = -D &  
nF \dx
(6.11) B> = d if fu s io n  c o e f f ic ie n t
d c j = c o n c e n tra tio n  g ra d ie n t
th e re fo re  combining equations 6.10 and 6.11
i
A DCH" ( £ ]  CH' V  (® ) H+
th e re fo re  i  = FA 
8
D0H~ ( N  s u r f  '  H  bulk j + % + C^H]b u lk  " M s u r f j
(6 . 12)
At th e  c r i t i c a l  c u rre n t d e n s ity  fo r  p r e c ip i ta t io n  ( i Q) , th e  
c o n ce n tra tio n  o f  hydroxyl ions a t  th e  su rfa ce  can be s e t  equal to  th e  
l im it in g  va lue  a t  which magnesium hydroxide i s  p r e c ip i ta te d  from s o lu t io n  
as g iven by th e  s o lu b i l i ty  p roduct (Kg) .
where K Mg2+ OH
F u rth e r , s u b s t i tu t in g  f o r  OH" u sin g  th e  io n ic  p ro d u c t o f  w a te r  K^,
an eq u a tio n  f o r  i Q can be w r i t t e n : -
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In  th e  above eq uation  
2+
H and Mg2+ re p re se n ts  th e  bu lk
s o lu tio n  v a lu e , and Mg is  assumed to  remain c o n s ta n t up to  th e  m eta l
s u r fa c e . The v a lu e  o f i  d e riv ed  from eq u a tio n  (6 .13) was th en  p lo t te d  
as a fu n c tio n  o f  pH. ( f ig .  46) u s in g  th e  fo llow ing  v a lu es :
2 +Mg
V
doh"
-10 .01  mole L
0 .93  x lC f8 m V 1
n  n  m - 8  2  - 10.52  x 10 m s
Ks Mg (OH) 2 1 .2  x 10-11
Kw 10
-14
Curves 1 and 2 in  f ig u re  46, a re  those  g iven  fo r  6  v a lues o f  0 .3  x 10" ^ m
_5.‘
and 0 .1  x 10 m. These v a lues a re  e i th e r  s id e  o f  the  v a lu es  e s tim a te d  fo r  
hydrosonic  a g i ta t io n  and th e  a p p ro p ria te  c u r re n t d e n s ity . The hydrodynamic 
model p re d ic ts  th a t  p r e c ip i ta t io n  w i l l  occur only  to  th e  l e f t  o f  th e  
curve f o r  a g iven  d if fu s io n  la y e r  th ic k n e ss .
The accuracy o f  th i s  e s tim a te d  v a lu e  o f  6  was th en  te s t e d  ex p e rim en ta lly  
by s u b je c tin g  copper cathodes in  h y d ro so n ica lly  a g i ta te d  0 .01  M MgCl2 to  
c o n d it io rs o f  c u r re n t d e n s ity  and pH as g iven  by p o in ts  A, B, C and D o f  
f i g .  46. P o in ts  A and C l i e  on th e  th e o r e t ic a l  curve a re  g iven  by a 
d if fu s io n  la y e r  th ic k n e ss  o f 10pm (curve 5) and B and D o f  30pm (curve 6) .
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F ig . 46 C urren t d e n s ity  a t  th e  cathode as a fu n c tio n  o f  pH
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I f  p r e c ip i ta t io n  o f  Mg (CH^ was d e te c te d  a t  p o in ts  A and C b u t n o t a t  
B and D, th i s  would in d ic a te  a boundary la y e r  th ick n ess  o f  between 10 and 
30pm.
6 .4 .3 . Experim ental
6 .4 .3 a  E le c tro ly s is
F la t  e l l i p t i c a l  copper specimens were used  which cou ld  be mounted
d i r e c t ly  in to  th e  sp ec tro m ete r. They were supported  in  th e  s o lu t io n  by a
sm all screw  to  a b ra ss  ro d  which was clamped above th e  s u r fa c e . The p o s i t io n
o f  th e  cathode was th e  same as -{br z in c  e le c tro d e p o s it io n . Both th e  back
o f  th e  specimen and the  rod  were coated  w ith  Lacomit to  g ive  a cathode 
2
a rea  o f  1 .4  cm . B efore e le c t r o ly s is  th e  cathode su rfa ce  was p o lis h e d  w ith  
600 grade s i l i c o n  ca rb id e  paper and thoroughly  washed in  d i s t i l l e d  w a te r .
The anode was a p la tinum  e le c tro d e  which was c leaned  in  50% n i t r i c  a c id  and 
thoroughly  r in s e d . A s o lu t io n  o f  0 .01  M (2 .31  gL ^) magnesium c h lo r id e  
(a n a la r  reag en t) was made in  d i s t i l l e d  w a te r  and d i lu te  h y d ro c h lo ric  a c id  
added to  g ive th e  d e s ire d  pH. The volume o f s o lu t io n  in  th e  Hydroson tank  
(80 l i t r e s )  was v e iy  la rg e  compared w ith  th e  a re a  o f  th e  cathode and 
th e re fo re  th e  bu lk  pH change due to  th e  fo rm ation  o f  0H~ io n s  was n e g l ig ib le .
E le c tro ly s is  was c a r r ie d  ou t fo r  th re e  hours w ith  each sample a t  a
tem peratu re  o f 20 _+ 1°C. This ensured  th a t  eq u ilib riu m  conditions were
reached . C as tle  and Tremaine c a lc u la te d  th e  tim e taken  to  reach  e q u ilib r iu m
-5 • -2a t  a pH o f  6 and c u rre n t d e n s ity  o f  10 A cm and found i t  to  be 4 .7 s  to  
e s ta b l is h  the  le v e l  o f  pH 9 .5  re q u ire d  f o r  p r e c ip i ta t io n .
6 .4 .3 b  ESCA A nalysis
ESCA was used  to  d e te c t  the  p resence  and th ick n ess  o f  magnesium 
hydroxide on th e  cathode su rfa c e  by s tu d y in g  th e  r a t i o  o f  th e  copper to
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magnesium s ig n a ls .
C onsider a la y e r  o f  magnesium hydroxide o f th ick n ess  d on th e  su rfa ce  
o f  th e  copper. The in te n s i ty  o f  th e  2P3 / 2  l in e  from th e  copper s u b s tr a te  
i s  reduced by the  p resence  o f  th i s  la y e r  as g iven  by th e  r e la t io n s h ip
Cu d
Cu o
exp -  d
AsinG
(6 .14)
where I Cu o
Cu d 
A
0
= th e  s ig n a l  from a c lean  su rfa ce  
= th e  s ig n a l  from a coated  su rfa ce
= th e  c h a r a c te r i s t i c  len g th  r e la te d  to  th e  i n e l a s t i c  mean 
f r e e  p a th  o f  th e  2p < ^  e le c tro n  in  copper
= e le c tro n  c o l le c t io n  angle
A s im ila r  r e la t io n s h ip  i s  g iven  f o r  th e  in c re a se  in  in te n s i ty  o f  th e  
KLL Auger l in e  from th e  magnesium io n  which in c re a se  w ith  la y e r  th ic k n e ss
i . e .
d 1 -  exp
Mgc
-  d
A s i n 0
(6 .15)
where A = th e  c h a r a c te r i s t i c  len g th  r e la te d  to  th e  i n e l a s t i c  mean f r e e  
p a th  o f  th e  Mg (KLL) e le c tro n  in  Mg (OH) 2
IM = the  s ig n a l  from a la y e r  o f  Mg (QH) 2 which i s  th ic k  compared
w ith  A
*Mg d = s ^2na-*- f rom a coated  su rfa ce
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Equation  (6.14) a n d ;(6 .15) can be combined to  g iv e  a r e la t io n s h ip  
between d and I ^ ^ C u d *  i , e *
I Mg d = IMg00 1 -  exp -  d exp d .........  (6 .16)
^Cud "''Cu o
i •
X sin X s i n 0
A c a l ib r a t io n  curve fo r  th e  EHS o f  th e  eq u ation  a g a in s t  d was p lo t te d  
( f ig .  47) u s in g  the  fo llow ing  va lues
IMs / I qu o = 0 .8  f o r  copper m etal
X a ta K .E .  o f  1180 eV = 1 .4 nm
X a ta K .E .  o f  550 eV = 0 .8  nm
0 =  45°
By d iv id in g  th e  exp erim en ta lly  determ ined r a t i o  by th e  r a t i o
iM g/Ifuo a va-lue f ° r  th e  EHS o f  th e  eq u atio n  could  be c a lc u la te d  and 
from th e  c a l ib r a t io n  curve th e  corresponding  th ick n ess  o f  magnesium hydroxide 
o b ta in ed .
In  t h i s  work, an ESCA 3 (VG S c ie n t i f i c  L td . ,  UK) in s tru m en t was used  
w ith  A1 K ^ ra d ia t io n .  Peak h e ig h ts  were used fo r  a l l  i n te n s i ty  m easurem ents. 
A ty p ic a l  spectrum  i s  g iven  in  f ig .  48.
6 .4 .3 c  R esu lts
The th ick n ess  o f  magnesium hydroxide p r e c ip i ta te d  on th e  cathode as 
determ ined by ESCA a n a ly s is  a re  g iven  in  ta b le  18.
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Sample C urren t D ensity  (Acm ) pH P r e c ip i ta te  Thickness
A 1.86 x  10 3 3.75 1.36 nm
B - 1 .7 4 x 1 0 " 3 3.25 0 nm
C 7.10 x l O " 4 4.25 0 .96  nm
D 6 .30  x  10"4 3.75 0 .15  nm
Table 18
As p re d ic te d  by f i g .  46 , th e  d if fu s io n  la y e r  th ick n ess  must be in  
the  range 10-30jim fo r  p r e c ip i ta t io n  to  occur under the  co n d itio n s  g iven  
by p o in ts  A and C b u t n o t B and D.
6 .4 .3 d  D iscussion
From th e  r e s u l t s  i t  can be shown th a t  th e  va lue  o f  d if fu s io n  la y e r  
th ick n ess  i s  in  th e  o rd e r  o f 10-30pm which i s  in  good agreem ent w ith  th e  
e s tim ated  value o f  20 -23 .5pm c a lc u la te d  from th e  z inc  d e p o s it io n  d a ta .
Hence th e  r e s u l t s  g ive confidence in  th e  value  o f  13.5pm o b ta in ed  from 
^Lim measuremeirts f ° r  a lk a l i  z inc  d e p o s it io n  under co n d itio n s  o f  
Hydrosonic a g i ta t io n .
To determ ine th e  accuracy o f  th e  ESCA method and o b ta in  a more 
accu ra te  va lue  o f  8 ,  f u r th e r  experim ental p o in ts  n e a re r  to  th e  c r i t i c a l  
co n d itio n s  (as given by curves 3 and 4) would be re q u ire d . This tech n iq u e  
however, was only  used  as a secondary method to  e s tim a te  th e  v a lu e  o f  8 , 
and the  values o b ta in ed  from i ^ m measurements were used as p rim ary  d a ta  
in  th e  d isc u ss io n  r e la t in g  to  d if fu s io n  la y e r  th ick n esses  ( s e c t io n  6 .2 .1 a ) .
6 .5  Conclusions
From th is  work two values fo r  th e  flow  r a te  a t  a su rfa c e  in  th e
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Hydroson tank  were o b ta in ed  by independant m ethods, and were found to
be i n  good agreem ent w ith  each o th e r . The flow  r a te  a t  a cathode su rfa c e
determ ines the  th ick n ess  o f  th e  d if fu s io n  la y e r ,  and f o r  th e  z in ca te
-1e le c t r o ly te ,  th e  flow  r a te  o f  1.16 ms gave a d if fu s io n  la y e r  th ick n ess  
o f  1 3 .5pm. This v a lu e  was confirm ed independen tly  by th e  method o f  C as tle  
and Tremaine.
The work has a lso  shown th a t  th e  flow  o f  s o lu t io n  a t  a s ta t io n a r y  
e le c tro d e  in  th e  Hydroson tank  i s  very  s im ila r  to  th a t  o f  a r o ta t in g  c y lin d e r  
e le c tro d e  ro ta te d  a t  h ig h  speed .
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O verall Conclusions
i )  The o r ig in a l  h y p o thesis  o f  th e  Design Council and th e  
m anufacturers th a t  Hydrosonic a g i ta t io n  i s  s im ila r  to  u l t r a s o n ic  a g i ta t io n  
and produces c a v i ta t io n  a t  th e  s o lu t io n /s o l id  in te r f a c e  has been  d isproved j
i i )  The h igh  c lean in g  e f f ic ie n c y  i s  due to  th e  impingement o f  th e  
h igh  p re s su re  j e t s  on th e  contam inated s u r fa c e . The tu rb u le n t  flow  o f  
s o lu t io n  produces a sco u rin g  a c tio n  away from th e  p o in t o f  impingement 
and sh e a r  fo rces  between th e  contam inated la y e r  and th e  s u r fa c e .  The 
r e s u l ta n t  e f f e c t s  g ives a c lean in g  r a te  comparable w ith  co n v en tio n al
_2
u l t r a s o n ic  c lean in g  a t  a frequency o f  13 KHz and in te n s i ty  o f  520 Wm .
i i i )  The flow  v e lo c i ty  o f  s o lu t io n  across a  su rfa ce  in  th e  c e n tre  o f  th e
-1
tank  a t  th e  fo c a l p o in t  o f th e  upper two j e t s  i s  approxim ately  1 .2  ms
iv ) Hydrosonic a g i ta t io n  co n sid e rab ly  reduced th e  th ic k n e ss  o f  the  
d if fu s io n  la y e r  a t  a cathode s u r fa c e . In  th e  p la in  z in c a te  e l e c t r o l y te ,  
th e  d if fu s io n  la y e r  th ick n ess  was about 1 3 .5 pm compared w ith  29pm fo r
m agnetic s t i r r i n g  and 97pm w ith  no a g i ta t io n .  U ltra so n ic  a g i ta t io n  a t
- 2  1 1a frequency o f  13 KHz and an in te n s i ty  o f  520 Wm reduces th e  v a lu e  to
1 2 .5pm.
v) H ydrosonic a g i ta t io n  o f  a z in c a te  e le c t r o ly te  d u ring  th e  d e p o s it io n  
o f  z in c  had many b e n e f ic ia l  e f f e c ts  on th e  p ro p e r t ie s  o f  bo th  th e  
e le c t r o ly te  and th e  d e p o s it . Compared w ith  no a g i ta t io n  and m agnetic 
s t i r r i n g ,  i t  reduced ca th o d ic  and anodic p o la r iz a t io n ,  in c re a se d  the  
ca th o d ic  c u rre n t e f f ic ie n c y  and maximum c u rre n t d e n s ity  thus a llo w in g  
good q u a l i ty  d ep o sits  to  be o b ta in ed  a t  h ig h e r  c u rre n t d e n s i t i e s .  The 
d e p o sits  from th e  p la in  z in ca te  b a th  were le s s  po rous, had a f in e  
c r y s t a l l i t e  s t r u c tu r e ,  and were h a rd e r  th an  those  formed w ith  no a g i ta t io n ,
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in  m ag n e tica lly  s t i r r e d  s o lu t io n , o r  w ith  u l t r a s o n ic  a g i ta t io n .  A ll 
types o f  a g i ta t io n  low ered th e  v a lu e  o f  throw ing power, and b o th  Hydrosonic 
and u l t r a s o n ic  a g i ta t io n  reduced th e  b rig h tn e s s  o f  th e  d e p o s it from th e  
b a th  w ith  a d d it iv e  b r ig h te n e rs .
iv ) The e f f e c t s  o f  Hydrosonic a g i ta t io n  on e le c tro d e p o s it io n  i s  
very  s im i la r  to  a r o ta t in g  c y lin d e r  e le c tro d e  a t  h igh  speed . In  th i s  
work, a  6 mm d iam eter c y l in d r ic a l  cathode ro ta t in g  a t  3000 r .p .m . was 
found to  reduce th e  d if fu s io n  la y e r  th ick n ess  a t  th e  cathode su rfa ce  
to  a s im i la r  v a lu e .
I n d u s t r ia l  A p p lica tio n s
The Hydroson system  has so f a r  only  been used in d u s t r i a l ly  as a 
c lean in g  p ro c e ss . This work has shown th a t  i t  a lso  has p o te n t ia l  
a p p lic a tio n s  in  th e  e le c t ro p la t in g  in d u s try . R o ta ting  e le c tro d e s  a re  
a lre ad y  used in d u s t r i a l ly  to  in c re a se  r a te s  o f  d e p o s itio n  a lthough  t h e i r  
a p p lic a tio n s  a re  v e iy  l im ite d  because norm ally th e  a r t i c l e s  to  be p la te d  
a re  n o t a  re g u la r  shape. Thus i t  i s  used  in  p ro cesses  such as 
e lec tro w in n in g  o r fo r  e le c t ro p la t in g  p r in t  r o l l e r s  where a heavy 
b u ild -u p  o f  m etal i s  re q u ire d .
Hydrosonic a g i ta t io n  could  a ls o  be used to  in c re a se  d e p o s itio n  
r a t e s ,  and by s u i ta b le  p o s it io n in g  o f  th e  g en era to rs  complex shaped 
a r t i c l e s  cou ld  be d e a l t  w ith . This work has a lso  shown th a t  H ydrosonic 
a g i ta t io n  can in c re a se  th e  r a te  o f  e l e c t r o l y t i c  recovery  o f  m etal 
from d i lu te  s o lu tio n s  by 3-4 fo ld  compared w ith  m agnetic s t i r r i n g .
The b e n e f ic ia l  e f f e c ts  o f  u l t r a s o n ic  a g i ta t io n  on e le c tro d e p o s i t io n  
have been known fo r  many y e a r s . I t  has n o t been adopted in  th e  m eta l 
f in is h in g  in d u s try , however, p a r t ly  because o f  the  re lu c ta n c e  o f  th i s
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in d u s tiy  to  change from t r a d i t io n a l  techn iques and a lso  because o f  th e  
h igh  c a p i t a l  and h igh  m aintenance c o s t  o f  u l t r a s o n ic  equipm ent. F u r th e r , 
to  i r r a d i a t e  a la rg e  s c a le  p la t in g  tank  w ith  u ltra so u n d  a t  a reaso n ab le  
in te n s i ty  re q u ire s  a la rg e  number o f  tran sd u ce rs  and a h ig h  power 
consum ption. The i n s t a l l a t i o n  and m aintenance c o s t o f  th e  Hydroson system  
a re  com paratively  lower and i t  a lso  lends i t s e l f  to  i n s t a l l a t i o n  in to  
e x is t in g  p la n t  . A lso by s u i ta b le  d esig n , th e  generato rs can be p o s it io n e d  
to  g ive a uniform  a g i ta t io n  over la rg e  s u r fa c e s . Hence i t  i s  co n sid e red  
th a t  th e  Hydroson system  may have a ro le  to  p la y  in  th e  f i e l d  o f  
e le c t ro p la t in g .  :
Suggestions fo r  f u r th e r  work
The p re s e n t work has shown th a t  c a v i ta t io n  does n o t occur a t  th e
su rfa c e  o f  an o b je c t p laced  in  th e  Hydroson tan k . I t  does n o t n e c e s s a r i ly
fo llo w , however, th a t  c a v i ta t io n  i s  ab sen t throughout th e  whole volume o f
s o lu t io n ,  and i t  may be th a t  i t  occurs in  th e  s o lu t io n  d i r e c t ly  in  th e
v ic in i ty  o f  th e  n o zz le . Evidence to  su p p o rt th i s  i s  g iven  by th e
e x c e lle n t a b i l i t y  o f  Hydrosonic a g i ta t io n  to  remove oxide s c a le  and r u s t
from s t e e l  w ire  p assed  through a double j  e t te d  g e n e ra to r  head  . One
p o s s ib le  techn ique to  s tudy  th is  would be u s in g  th e  c h lo r in e  r e le a s e
20re a c t io n  o f  carbon te t r a c h lo r id e  w ith  po tassium  io d id e  , which has 
been used as a measure o f  c a v i ta t io n  in  u l t r a s o n ic  system s.
In  r e la t io n  to  bo th  su rfa ce  c lean in g  and e le c tro d e p o s it io n , th e  
s ig n if ic a n c e  o f  th e  sound waves in  th e  s o lu t io n  i s  n o t c le a r ,  and th e  
evidence so f a r  su g gests  th a t  th e  tu rb u le n t  flow  produced by th e  im pinging 
j e t s  i s  im p o rtan t. I t  may be in te r e s t in g  to  compare th e  e f f e c t  o f  
Hydrosonic a g i ta t io n  w ith  th a t  o f  h ig h  p re s su re  j e t s  from sim ple  no zz les  
s u i ta b ly  p o s itio n e d  in  th e  e x is t in g  ta n k . This could  be done by d esig n
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o f  s u i ta b le  j e t s  to  re p la c e  the  Hydroson g en era to rs  which a re  d e tach ab le .
Work o f fu r th e r  i n t e r e s t  i n  e le c tro d e p o s it io n , would be to  ex tend  
the  s tu d ie s  to  a c id ic  p la t in g  s o lu tio n s  o f  z in c , and th e  e le c tro d e p o s it io n  
o f  o th e r  m e ta ls . B efore such work cou ld  be undertaken , however, th e  tan k , 
m anifo ld  and pumping system  would have to  be c o n s tru c te d  from m a te r ia ls  
r e s i s t a n t  to  a t ta c k  by a c id ic  s o lu t io n s .
O ther in te r e s t in g  a reas  o f  work would be in  th e  d e p o s it io n  o f  a l lo y  
co a tin g s  and th e  e f f e c t  o f  H ydrosonic a g i ta t io n  compared w ith  o th e r  forms 
o f  a g i ta t io n  on th e  com position o f  th e  a l lo y .  A lso , i t  may be p o s s ib le  
to  use the  Hydroson system  to  keep p a r t i c l e s  in  suspension  in  th e  
e le c t r o ly te  to  produce w ear r e s i s t a n t  d isp e rs io n  co a tin g s  e .g .  n ic k e l 
c o n ta in in g  alum ina. Problems may be encountered , however, due to  th e  
in c re a se d  wear o f  th e  j e t s  and the  pump components.
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THE ROLE OF HYDROSONIC AGITATION 
ON THE ELECTRODEPOSITION OF ZINC FROM A ZINCATE BATH
By R o b e rt W alker a n d  N ich o la s  S . H olt
During zinc electrodeposition from a zincate solution, hydrosonic agitation increased current efficiency, deposition rate, and 
maximum current density, and gave a harder deposit. From a bath with no brighteners, crystal structure was finer, with reduced porosity 
and increased brightness.
A system of hydrosonic agitation for producing acoustic 
waves in aqueous media was developed in 1973 and has been 
employed successfully in industry to clean a wide range of 
components.* Dirty articles are immersed in a tank containing 
a degreasing solution, often aqueous, that is continuously 
circulated and filtered. This approach is quicker than 
conventional soak cleaning, and also is safer and cheaper 
because lower concentrations of chemicals and less-corrosive 
solutions are employed. Details about this hydrosonic cleaning 
system are given elsewhere.1"'’
The basis of the system is a controlled multi-stage centrifugal 
pump that circulates solution under pressure through a 
manifold arrangement to hydrosonic generators. These convert 
velocity to acoustic energy and give a pulsed waveform in the 
emitted jet. Hydrosonic sound waves cover a wide frequency 
band (from 5 KHz into the ultrasonic range) and are formed by 
mechanical action, whereas ultrasonics produce frequencies 
from 15 to 100 KHz and are formed by electrical signals to a 
transducer.
The hydrosonic arrangement is claimed to induce cavitation 
in the solution.1 This is important because cavitation is 
particularly beneficial in cleaning processes. .Ultrasonic 
agitation of plating solutions has provided significant 
improvement in the quality of electrodeposited metal, and the 
changes have been ascribed to cavitation effects. Thus, the 
formation and collapse of bubbles at the cathode surface give 
shock waves which:
1. Reduce the formation of whiskers (growth perpendicular 
to the surface) to produce a smoother surface.6
2. Increase the density of dislocations and tend to increase 
deposit hardness.7
3. Remove bubbles on the surface, which, if not removed, 
could lead to porosity in the coating.4
Ultrasonics also affect solution properties and significantly 
raise cathodic current efficiency and maximum current 
density.8 However, ultrasonics have not been exploited widely 
in industry, perhaps because of: (1) the installation cost, which 
may be quite high; (2) the need for skilled maintenance; (3) the 
lack, in the past, of sufficiently robust and reliable equipment to 
cope with large-scale plating tanks; (4) the possible health risk 
or nuisance of working with high-frequency noise.
Hydrosonic agitation also may improve electrodeposition, 
but without the problems experienced with ultrasonics, and 
could be used for agitating plating solutions. In this study, zinc 
was electrodeposited in a commercial zincate bath, and the 
effect of hydrosonic agitation was compared with results 
obtained with magnetic stirring and with no agitation.
EXPERIM EN TA L PR O C E D U R E
The composition and operating conditions of the zincate 
solution** (made up with distilled water) were:
Zinc oxide 15 g/L
Sodium hydroxide 105 g/L
pH 14
Temperature 20 to 30° C
Current density 2 to 3 A/dm2
Anode : Cathode area ratio 1:1.5
The anode was zinc sheet. Mild-steel cathodes were plated in the 
above solution and also in a similar solution containing 
chemical brighteners.
An 80-L hydrosonic tank with four hydrosonic jets facing its 
center (Fig. 1) was employed. Zinc also was deposited from 3 L 
of still solution and 3 L of magnetically stirred solution. Bath 
temperature was controlled thermostatically at 20 ±  1° C. 
Cathodes were cut from 1-mm-thick mild-steel sheet, degreased 
in acetone, rinsed, pickled in 50 per cent hydrochloric acid, 
rinsed in distilled water and, when necessary, dried and, 
weighed. Specimens in the three baths were connected in series 
and joined to a copper coulometer, which measured the 
quantity of electricity used in each experiment.
Fig. 1—An 80-L hydrosonic tank.
Zinc was deposited from the baths on one side of 6-cm2 
specimens at a current density of 2 A/dm 2 to give thicknesses of 
l and l Ojum. Surface appearance was examined with a scanning 
electron microscope. Deposits approximately 70-/nm thick were 
prepared from the baths. Cross-sections were cut, mounted, 
polished and etched with a 0.5 per cent nital solution and 
photographed under an optical microscope. An Akashi 
microhardness tester was used to measure the hardness with a 
25-gload. Ten readings were taken on the cross-sections of each 
specimen and the mean and standard deviations were 
calculated. An X-ray diffractometer was used to investigate 
grain size and any line-broadening produced by internal stress 
in the coating. Back-reflection photographs also were taken 
with X-rays to study any preferred orientation.
* The H ydroson  System , N ickerson U ltrason , L td ., C ordley  H eath , W orley, 
W est M idlands, England.
♦♦Supplied by 1M ASA , L td ., S lough, E ngland.
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PLAIN BATH 
g. 2—S urface  tex tu res  of zinc d eposits.
10 ji T H IC K N E SS In lOp
BATH WITH BRIGHTENERS
Anode and cathode efficiency were determined for both 
baths at a current density of 2 A /d m : and for the bright bath at 
5, 10, 20, 40 and 50 A /d m 2. The cathodes used at the lower 
current densities of 2 and 5 A I  dm2 were 12-cm2, whereas, for the 
other measurements, 2.2-crrf specimens were used. Deposition 
was confined to one side by backing the specimens with a 
perspex sheet.
The maximum cathode current density that gives a smooth, 
even, zinc deposit was determined visually. A constant weight 
of zinc was deposited at increasing current-density values until a 
rough, uneven surface was observed.
Throwing power was measured with an open-sided 
modification of the Haring-Blum cell. Zinc was plated on two 
12-cm' cathodes at distances of 2 and 10 cm from a common 
anode. The Field formula9 was used to calculate throwing 
power from the metal distribution ratio.
Polarization curves were plotted from readings taken with a 
Wenking potentiostat. A platinum counterelectrode and a 
calomel reference electrode were used with the working 
electrode, which was steel sheet for cathodic measurements and 
zinc sheet for anodic measurements. The working electrodes 
were circular (6 mm in diameter), mounted in an araldite sleeve, 
polished with 600-grade emery paper, lightly lapped with 6-^m 
diamond paste and washed thoroughly before use.
RESULTS A N D  D ISC U SSIO N
Surface Appearance—  Figure 2 show sS E M  photos of typical 
areas of coatings from all three baths. Zinc deposited from the 
still bath had a powdery appearance with dendritic growths10 
typical of deposition under conditions of diffusion control. 
Under static conditions the thickness of the diffusion layer at 
the cathode may be 0.2 to 0.5-mm thick. Further, diffusion of 
the depositing ions is limited so that growth is concentrated at a 
few nucleation centers, resulting in the formation of single 
rystals along certain closely packed crystallographic planes, 
his form of growth is mechanically weak and generally 
ndesirable, although it may be acceptable for producing
lAY 1 9 8 0
electrodeposited metal powders.
Solution agitation can reduce diffusion-layer thickness to 
about 10 ptm so that more ions can migrate to the surface, more 
nuclei can form, and a smoother deposit can be produced. In the 
deposit from the magnetically stirred bath, there was no 
indication of dendritic growth.
Hydrosonic agitation produced a finer-grained deposit than 
that obtained with magnetic stirring. This is a highly desirable 
property because the deposit is brighter and smoother.  There 
also was a correlation between fine grain size and high hardness 
(the Hall-Petch relationship").  When grain size is refined, the 
coating usually becomes more compact and less porous. 
Evidence of a decrease in porosity due to hydrosonic agitation is 
shown by the cross-sections in Fig. 3.
The action of hydrosonic agitation appears to increase the 
rate of nucleation so that a finer deposit is formed. This may be 
explained by: ( l )  an increase in passivation of the cathode 
surface, giving more nucleation sites, as proposed by 
Bondarenko and Brusintsina," for ultrasonic agitation; (2) a 
further reduction in the thickness of the double layer and easy 
nucleation, or; (3) the pumping action, givinga constant supply 
of inert particles that act as nuclei at the cathode surface.
From our polarization results, there appears to be no 
tendency for hydrosonic action to increase passivation of the 
cathode surface. If reduction of double-layer thickness is the 
sole cause of increased nucleation, the effect of hydrosonic 
action would be expected to be similar to that of ultrasonic 
agitation. The deposit is, in fact, slightly finer-grained than that 
produced with ultrasound. For cleaning purposes, it is believed 
that the pumping action of the hydrosonic system produces a 
supply of inert particles that help in the scouring action during 
cleaning. In electrodeposition, some particles may be trapped 
and act as an added source of nuclei, giving finer crystallites and 
a smoother surface.
Because the commercial brightening agents promote a flatter 
surface (Fig. 2), the effect of hydrosonic action is not so 
pronounced and the surface is not quite as bright. Deposition
9 3
STIRREDSTILL
Fig. 3—C ro ss-se c tio n s  of d ep o sits  from  the plain bath.
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rate, however, can be increased considerably by using 
hydrosonic agitation.
With reference to the cross-sections of deposits from the plain 
bath with no addition agents (Fig. 3), the dendritic growth from 
the still bath was powdery and could be used only in powder 
technology. It was impossible to obtain any accurate 
microhardness values from this structure. The deposit from the 
hydrosonic tank appears to be more compact than that from the 
stirred bath. Hence, it would be expected to be harder and more 
useful.
Microhardness values, together with standard deviations, are 
given in Table I. These values are in general agreement with 
those recorded elsewhere. Solution agitation has raised the 
hardness of other electrodeposited metals, including copper11 
and nickel.14
The higher hardness of deposits from the hydrosonic bat 
probably is due to the finer grain size. Codeposition 
brightening chemicals can increase stress and give a dispersio 
hardening effect. These factors may account for the great 
hardness of the bright deposits.
Internal Stress and Preferred O rientation— The X-ray stud 
showed there was little, if any, preferred orientation in th 
electrodeposited zinc. There was a marked line-broadenin 
promoted by the brightening agents, but only a slight chang 
due to agitation. The addition agents induced internal stres 
and reduced the grain size of the deposit. Both these effect 
could account for the observed line-broadening. The change 
caused by agitation in both the plain and the bright bath we 
small and considered insignificant.
Current Efficiency— Values of the anodic and cathodi 
current efficiencies are shown in Table II. At the recommende 
current density of 2 A /d m 2, agitation promoted a significan 
increase in cathode efficiency for both solutions. A sligh 
increase also was observed for the anodic values, which we 
above 100 per cent because chemical as well as electrochemic 
dissolution take place in alkaline solutions.
Efficiency was dependent on current density. Cathodic value 
decreased steadily as current density was increased. A 
expected, agitation increased the supply of zinc ions to th 
cathode and improved cathode efficiency. Deposition efficienc 
from the hydrosonic bath was almost always greater than tha 
from the magnetically stirred bath. Dissolution of the zin 
anodes seemed at a minimum in the range of 20 to 40 A /d m '  
current density, and thus may be due to some form of passivity. 
At the higher value of 50 A /d m 2, dissolution efficiency 
increased slightly.
TABLE 1
HARDNESS VALUES
Hardness H V 50
Solution  with
A gitation Plain solution brighteners
Still * 86 (11)
Magnetically  stirred 68 (5) 104 (14)
Hydrosonically
agitated 80 (7) 130 (17)
♦D epos it  too  powdery to measure.
TABLE II
A N O D E  A N D  CATHODE EFFICIENCIES
Current efficiency, per cent
Still bath S tirred  bath H ydrosonic bath
Current density
Bath A / dm " Cathode A node Cathode A node C athode A node
Plain 2 87 111 98 114 98 114
Bright 2 88 112 94 114 97 113
Bright 5 57 22 69 16 78 29
Bright 10 27 8 42 11 55 14
Bright 20 19 2 29 6 30 5
Bright 40 15 7 17 5 19 5
Bright 50 13 16 14 19 15 12
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M axim um  Current D ensity— M aximum values of the 
thodic current density that produce a smooth, even coating 
; given in Table III for the plain solution. Agitation reduces 
ickness of the diffusion layer on the cathode, permits easier 
owth, and promotes more nucleation, which results in a 
loother deposit. Magnetic stirring promoted a significant 
crease in the practical limiting current density, but hydrosonic 
itation was even more effective.
No maximum current density was observed with the bath 
ntaining brightening agents. Good-quality deposits were 
rmed at values up to 50 A /d m 2. It should be noted, however, 
at cathodic current efficiency is reduced to about 10 -1 5  per 
nt at these high current densities. Although brightening 
ents are effective in promoting smooth coatings under these 
nditions, it is not efficient to use such high current densities. 
Throwing Power—Table IV shows data  for the throwing 
ower of each bath. The reduction in throwing power resulting 
om agitation probably is due to the decrease in concentration 
olarization. In general, a decrease in polarization gives a 
gher metal distribution and a lower throwing power. 
Polarization— In general, agitation reduces the effect of 
ncentration polarization and gives higher currents at a 
ecific potential. The cathodic curves (Fig. 4) for the solution 
ontaining brighteners show a limiting current density at a 
olarization of 900 mV. The curves of the plain bath did not 
ow a limiting current density. Table V shows the current- 
ensity values corresponding to a polarization of both 900 and 
600 mV (the highest value studied). Hydrosonic agitation was 
ore effective for increasing the supply of zinc ions at the 
thode and decreasing the tendency for the deposition process 
o be limited by the supply of ions.
The anodic polarization curves (Figs. 5 and 6) show an 
ncrease in current density with increasing applied potential to a 
aximum value, i critical, at a potential, E critical. Current 
ensity then decreases to a steady value, i passive. Agitation 
ncreases these values, as shown in Table VI. There was 
latively little difference in the anode polarization data  for 
agnetic stirring and hydrosonic agitation in the plain bath. In
TABLE V
DATA FROM CATHODIC POLARIZATION CUR VES
Solu tion  with  
Plain solution brighteners
Current density, A I  d m 2, L im iting  current 
at polarization of: density, A  / d m 2,
at polarization of:
Bath 900 m V 1600 m  V 900 m V
Still 0.027 6.7 3.3
Stirred 0.033 10.0 6.2
Hydrosonic 0.050 14.5 9.3
Bath
TABLE IV 
THROWING POWER
Throwing power, per cent 
Solution
Plain solution with brighteners
Still 78 67
Stirred 46 56
Hydrosonic 46 50
TABLE III
PRACTICAL LIMITING C URRENT DENSITIES
Bath M axim um  current density, A /d m 2
Still 1.2 - 1.5
Stirred 6.0 - 6.5
Hydrosonic 7.5 - 8.5
TABLE VI
DATA FROM A N O D E  POLARIZATION CURVES
Plain solution So lution  with brighteners
Bath
Still
Stirred
Hydrosonic
i critical, A I  d m 2 E  critical, V i passive, A / d m 2 i critical, A /  d m 2 E  critical, V i passive, A /d m '
6.0  0.28 0.74 2.75 0.27 0.06
15.8 0.40 1.41 8.9 0.30 0.10
15.8 0.38 1.38 19.5 0.44 0.11
Y 1 9 8 0
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the bath with brightening agents, hydrosonic action was more 
effective for promoting dissolution at high current densities.
CONCLUSION
Hydrosonic agitation during electrodeposition of zinc from a 
zincate bath was beneficial. Zinc deposited from a solution 
without addition agents was brighter, smoother, harder and 
more compact than that from still or magnetically stirred 
solutions. The hydrosonically agitated bath also gave the 
hardest deposits from solution containing brightening agents. 
Hydrosonic agitation also increased the deposition rate, gave 
the highest value for maximum current density, and gave a 
value for cathodic current efficiency equal to or greater than 
that for the magnetically stirred bath.
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PLATING AND SU RFA CE FINISH,
Electrodeposition of Zinc 
From a Zincate Bath with Ultrasound
By Robert Walker and Nicholas S. Holt
Ultrasonic agitation increased current efficiency, 
deposition rate, aid maximum current density for the 
deposition of zinc from a commercial zincate bath with 
and without brightening agents. The deposit from the plain 
bath with ultrasound had a smooth surface with a regular 
and well-defined structure. The deposit from the bath with 
brighteners exhibited increased microhardness as a result 
of ultrasound.
T he results of research on hydrosonic agitation in a 
sodium zincate solution1 prompted an 
investigation of ultrasonic agitation in the same 
solution. There has been considerable research on 
the effect of ultrasonic agitation on zinc-plating solutions, 
mostly of Russian origin and with baths based on zinc sulfate 
or zinc cyanide. Ultrasonic agitation permitted an increase of 
three- to sixfold in maximum current density for cyanide and 
acid electrolytes and eightfold for zincate electrolytes.2 An 
improvement in current efficiency of the zincate bath was 
obtained and brighter deposits were produced from acid and 
cyanide baths. Ultrasonic agitation was considered to 
decrease polarization in all these baths. Research on a 
cyanide solution found that a good-quality deposit was 
obtained at a maximum current density of 1.5 A/dm2 for a 
plain bath, 4.5 A/dm2 for a cathode rotating at 2000 rpm, and 
as high as 10 A/dm2 with ultrasonics.3 Other work on cyanide 
electrolytes showed that, for one bath, ultrasonic agitation 
raised limiting current density from 11 to 58 A/dm2 and 
increased current efficiency from 40 to 92 percent.4
Similar changes have been obtained with zinc sulfate baths. 
The application of ultrasound increased the deposition rate of 
zinc, reduced the concentration polarization, and improved 
deposit quality.5 With another sulfate bath, at a current density 
of 1 to 2 A/dm2 and an ultrasonic frequency of 19.6 KHz, 
cathodic current efficiency was increased from about 87 to 
100 percent and the deposit surface was more uniform; 
throwing power was constant up to a current density of 10 to 
12 A/dm2, but then decreased.6 Using a similar electrolyte and 
ultrasound, a significant increase in maximum current density 
from 1.5 to 8 A/dm2 was obtained along with a more compact, 
smooth, bright deposit that had a finer crystalline structure.7
On an industrial scale, zinc deposited from a bath 
containing 750 L of an ammoniacal electrolyte resulted in a 
two- to threefold increase in production with ultrasonic 
frequencies of 18 to 22 KHz and an intensity 0.5 W/cm2.8 Using 
a tank of the same capacity and a similar electrolyte, other 
researchers8’9 obtained an increase in work capacity up to 
fivefold9 and produced deposits that were fine-grained with 
lower porosity and improved corrosion resistance. Similar 
changes in the rate of zinc deposition also have been 
obtained with this bath at an ultrasonic intensity of 0.6 W/cm2 
and frequencies of 16 to 22 KHz.10
Less work has been carried out with ultrasound and zincate 
baths. The effect of ultrasonic agitation on zinc deposition
from a bath containing 81 g/L zinc oxide and 440 g/L 
potassium hydroxide resulted in an increase in cathodic 
current efficiency from 90 percent to 98 percent and in better 
adhesion.11 This change in efficiency is similar to earlier 
findings.2 Another advantage was that the region of optimum 
current density for good adhesion was much wider with 
ultrasonics than without.11 Ultrasound increased the optimum 
plating range from 4-5 to 22-26 A/dm2.12
The effect of ultrasound on electrodeposition has been 
attributed mainly to cavitation by the collapse of cavities 
(finely dispersed, minute bubbles) producing powerful shock 
waves. Degassing also occurs when large bubbles grow and 
rise to the surface. Ultrasound causes the particles close to 
the transducer surface to vibrate and give a flow or 
“microstreaming” motion away from the transducer. The net 
effect of these actions is to give an intense mixing effect at 
surfaces immersed in ultrasonically agitated solutions.13
It is generally accepted that ultrasonic agitation reduces the 
thickness of the diffusion layer at both electrodes, and may 
eliminate it.14 Thus, concentration polarization is reduced and 
assists the diffusion of ions to the electrode surface, 
permitting higher cathodic and anodic current density. Shock 
waves produced by cavitation at the cathode surface can 
cause work-hardening of the deposit, giving an increase in 
microhardness.15 Changes in grain size and porosity also may 
occur due to cavitation.
In this work, zinc was electrodeposited from a zincate bath 
with and without brightening agents. The effect of ultrasonic 
agitation was compared with that of magnetic stirring at a flow 
rate of 20 cm/sec across the electrode surface and from a bath 
under static conditions.
Position ol the electrodes
5 cm
.12.5 cm
Transducer
probe
Transducer
element
Fig. 1—Apparatus for ultrasonic agitation of electrolyte.
PLATING AND SURFACE FINISHING
To assist it in its rulemaking process, 
O SH A has selected Radian Corporation 
as its contractor for gathering 
epidemiological, economic and other data 
relative to the promulgation of standards 
for the control of airborne nickel. 
Although O SH A at one time announced 
the desire to publish a proposed nickel 
standard by July 1980, the latest schedule 
of regulatory activities indicated no 
standards were expected to be published 
before November 30, 1980.
Industry C oncerns
Epidemiological studies have shown that 
workers in nickel smelting and refining 
operations, including electrowinning, have 
had an excessively high incidence of 
nasal and lung cancer. However, no 
statistically significant epidemiological 
study has been published confirming that 
workers in the fields of nickel chemicals 
and nickel plating also have an 
excessively high risk of getting cancer. 
Even so, there is a strong likelihood that 
the plating industry will be included in 
stringent regulations applying to the 
nickel-manufacturing industries.
In the case of chromium, NIOSH  
recommended two distinct control levels: 
one for carcinogenic chromates and a 
second for non-carcinogenic 
chromium(VI) compounds. But with 
nickel, O SH A has made no such 
distinction. It remains to be seen whether 
the agency will provide a dual-level 
regulation for nickel. The inclusion of 
nickel and all inorganic nickel com pounds 
as carcinogens and/or suspected 
carcinogens may be the ultimate result of 
the current NIOSH philosophy, which 
states,2 “In the absence of adequate 
information on the amount of inorganic 
nickel that can be inhaled over a working 
lifetime without an excess risk of cancer, 
it is proposed to recommend a 
permissible limit based on the lowest 
TW A concentration of nickel reliably 
detectable over a single workshift.” As a 
result, it is very possible that metal 
finishers will be subject to very strict 
regulations without epidemiological proof 
that there is a real risk of cancer among 
workers in nickel-plating shops.
NIOSH considers the electrowinning 
operations of manufacturing companies 
very similar to nickel-plating operations. 
There are  som e similarities but still great 
differences. Workers in the plating 
industry are exposed to the refined nickel 
chemicals used in solutions. W orkers in 
nickel electrowinning operations are 
exposed to many impurities as well as 
possible exposure to nickel sulfide in 
residues and sludges.
Num erous industries and trade groups 
are conducting epidemiological studies to 
help provide evidence that can be used in
defining risks and determining appropriate 
regulations.4 These studies include nickel- 
metal manufacturing, non-ferrous alloys, 
foundry activities, manufacture of nickel 
chemicals, welding, and other 
miscellaneous nickel uses. O ne study 
conducted by the National Cancer 
Institute on 1,292 members of the Metal 
Polishers, Buffers, Platers, and Associated  
Workers International Union has shown  
no sinus cancer and no increased risk of 
lung cancer. Elevated levels of esophageal 
and liver cancer were noted. However, 
there is very little additional data relating 
to workers in plating shops.
The atmosphere of a plating shop is 
subject to multiple contaminants. It would 
be normal to have at least som e  
possibility of exposure to alkaline dust 
from cleaners, acid fumes, chromium  
(VI), cadmium, cyanide, and solvents for 
painting or vapor degreasing. With many 
intermixed and multiple exposures, it 
seem s very difficult to attribute a 
detected incidence of cancer among 
plating workers to any one specific 
causitive agent such as nickel. Som e of 
the additional exposures are known to 
have carcinogenic potential, also.
Much of the plating industry is 
com posed of relatively small jobshops 
with a large turnover of employees.
These shops often do not have long-term 
employee records that can be used to 
obtain the information necessary for 
scientific epidemiological studies. 
Therefore, it may be very difficult to 
obtain real epidemiological data relative to 
nickel exposure in the plating industry.
Summary
There is strong evidence that nickel 
subsulfide (NisS2) is a human carcinogen. 
NIOSH suspects that nickel metal and all 
inorganic nickel com pounds are 
potentially carcinogenic. NIOSH has 
recommended that nickel concentrations 
be maintained at under 15 /rg/m3, the 
lowest concentration believed to be 
analytically determined. O SH A is 
reviewing the NIOSH data as well as 
other information submitted by interested 
parties in industry and the private sector 
in order to prepare for publication 
standards for the regulation of nickel. It is 
expected that the proposed regulations 
for control of airborne nickel will be 
published in the near future. There is 
insufficient evidence, at present, to prove 
that exposure to nickel causes an 
elevated incidence of cancer among 
workers associated with nickel plating. If 
nickel is regulated at 15 p q /m 3 as NIOSH  
recommends, there will be considerable 
impact on the plating industry. There 
may be a significant capital expenditure 
required (1) to install engineering 
equipment to m eet the low limits of 
airborne concentration and (2) to provide
for improved facilities such as locker 
rooms and showers. Operating expenses 
will be increased by the need for 
employer-provided clothing, medical 
examinations, recordkeeping, and 
educational programs. ■
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Experimental Procedure
\  20-L ultrasonic tank was used with two 125-mm-diameter 
:ransducer probes positioned in the base, as shown in Fig. 1. 
In all experiments the frequency was 13 KHz and the intensity 
250 W/m2, measured by an acoustic calorimeter.15 Anodes 
and cathodes were held vertically, 50 mm apart and 30 mm 
above one of the transducer probes. Plating was carried out 
under the same conditions as in the previous work.1 The 
operating parameters were 15g/Lzinc oxide, 105 g/L sodium 
hydroxide, pH 14,20 to 30° C, 2 to 3 A/dm2, and a 1:1.5 ratio of 
anode-to-cathode area.
The bath was made up with distilled water and temperature 
was controlled at 20 ± 1° C. Deposition was carried out from 
the plain bath and from a similar one to which commercial 
brighteners (a mixture of quartenary pyridinium compounds 
and polysulfone) were added. Whenever possible, deposition 
was carried out with the electrodes connected in series in the 
still, stirred and ultrasonically agitated solutions. This 
minimized any variation in electricity passing through the 
cells. Cathodes were cut from 1-mm-thick mild steel, 
degreased in acetone, pickled in 50 percent HCI, rinsed in 
distilled water and, when necessary, dried and weighed. 
Where plating was required on only one side of the specimen, 
a thin perspex sheet was bonded with epoxy resin to mask the 
opposite side. Pure zinc sheet was used for anodes.
Anodic and cathodic current efficiencies were determined 
for the plain bath up to the maximum current density and for 
the bright bath at 2, 5,10, 20, 40 and 50 A/dm2. To provide a 
standard for each specimen, a copper coulometer was 
connected in series with zinc cell to measure the number of 
coulombs passed during deposition. At low current 
densities of 2 and 5 A/dm2, 12-cm2 electrodes were used, 
whereas smaller, 2.2-cm2 specimens were employed for other 
measurements. The specimens were backed with perspex 
sheet to confine deposition to one side. A constant thickness 
of zinc was deposited as current density was increased until a 
rough, uneven surface was just visible. Thus, the maximum 
cathodic current density to produce a smooth, even zinc 
deposit could be determined.
An open-sided modification of the Haring Blum cell 
measured throwing power. Zinc was deposited on two 1.2- 
cm2 cathodes placed 2 and 10 cm from a common anode. 
British Standard throwing power was calculated from the 
metal-distribution ratio using the Field formula.16
A Wenking potentiostat measured polarization curves. A 
platinum counterelectrode and a calomel reference electrode 
were used with a steel specimen as the working electrode for 
cathode measurements and a zinc specimen as the working 
electrode for anodic measurements. The working 60-mm, 
diameter electrodes were circular and mounted in an araldite 
sleeve. They were ground with 600-grade emery paper, lightly 
lapped with S-jzm diamond paste and washed thoroughly 
before use.
Deposits of 1 /zm and 10 /zm were plated on one side of the 
6-cm specimens at a current density of 2 A/dm2. Surface 
appearance was examined with a scanning electron 
microscope. Cross sections of 70-/zm-thick deposits were 
prepared, etched with 0.5 percent nital solution, and typical 
areas were photographed. Microhardness measurements 
were taken on cross sections of 70-jzm-thick deposits with an 
Akashi tester and a 25-g load. Ten readings were made on 
each specimen and the mean and standard deviations were 
calculated. An X-ray diffractometer examined line- 
broadening due to internal stress or fine grain size in the 
deposit. X-ray back-reflection photographs were taken to 
identify preferred orientation in deposits.
Results and Discussion
Current Efficiency—Values of anodic and cathodic current 
efficiency are given in Table 1. It was not possible to 
etermine cathodic current efficiency at high current density 
ecause deposits were powdery. During deposition and
Table 1 
Current Efficiency
Current Efficiency, %
Current Still bath Stirred bath Ultrasonic bath
density,
A /dm2 Cathode Anode Cathode Anode Cathode Anode
Plain
solution
2 87 111 99 114 99 127
5 * 113 77 114 90 119
10 * 14 9 89 12
15 * 13 * 10 85 11
20 * 13 * 8 * 10
40 * 8 -* 9 * 9
50 * 12 * 13 * 12
Bright
solution .
2 88 112 94 114 99 121
5 57 22 69 16 70 23
10 27 8 42 11 52 14
20 19 2 29 6 33 9
40 15 7 17 5 29 6
50 13 16 14 19 17 10
*The c u rren t density  is above the  m axim um  value  an d  g ives a  pow dery
deposit.
weighing of these coatings, zinc fell off the surface and 
accurate results could not be obtained.
At the recommended current density of 2 A/dm2, ultrasonic 
agitation and magnetic stirring of the plain bath gave asimilar 
increase in cathodic current efficiency, compared with the 
still bath. At 5 A/dm2, ultrasound was better than stirring 
and provided acceptable deposits up to 15 A/dm2. For the 
bath with brighteners, ultrasonic agitation increased cathodic 
current efficiency more than magnetic stirring at all current- 
density values.
Interestingly, anodic current efficiency was very high at low 
current density, and then decreased. The values of anodic 
current efficiency are greater than 100 percent because of 
normal electrochemical dissolution combined with chemical 
attack on the zinc by the alkaline solution. Anodic current 
efficiency values of more than 100 percent also have been 
observed with a zincate bath.11 Ultrasonic agitation probably 
increases both chemical and electrochemical dissolution. 
The effect of cavitation and shock waves, observed elsewhere 
in electroplating, would be expected to have a greater effect 
than magnetic stirring on the reduction of the diffusion layer 
and on concentration polarization, and would encourage the 
anodic reaction.
The large drop in anodic current efficiency for both baths 
between 2 and 10 A/dm2 was probably due to passivity. 
Between about 5 and 10 A/dm2 a black film was observed on 
the zinc surface and identified as hexagonal zinc oxide by X- 
ray diffraction. Interestingly, at current densities above 40 
A/dm2 the current efficiency started to increase again and the 
surface appearance changed from black to white, maybe 
because of transpassivity.
Maximum Current Density—The maximum values at which 
a smooth, even deposit was obtained are given in Table 2 for 
the plain bath. There was no maximum value for the bright 
bath, although current density was increased to 50 A/dnr.
Agitation in the plain bath reduced the tendency to form 
whiskery growths by reducing diffusion-layer thickness and 
promoting lateral growth, so that much higher current 
densities could be used before dendritic growth occurred.
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log C urren t D ensity, A /m 2 
Fig. 2—Cathodic polarization curves tor plain bath.
log C urrent Density, A /m 2 
Fig. 3—C athodic polarization curves for bath with 
brighteners.
log C urren t Density, A /m 2 
Fig. 4—Anodic polarization curves for plain bath.
This effect also has been observed in copper deposition.15 
The vigorous agitation caused by cavitation also can explain 
the twofold increase in maximum current density with the 
ultrasonic bath, compared with the magnetically stirred bath.
As current density was increased, cathodic current 
efficiency for both baths decreased. At any given current 
density, however, ultrasonic agitation gave the highest 
current efficiency. Although there is no maximum current 
density noted for the bright bath, the main advantage of 
agitation was in improving the cathodic current efficiency, 
enabling the formation of thicker coatings. Thus, for a 
particular current density, the thickest coatings were 
obtained with ultrasound and the thinnest with the still bath.
Throwing Power—The throwing power for each bath is 
given in Table 3. Agitation decreased concentration 
polarization, increased metal-distribution ratio and lowered 
throwing power.
Polarization—Cathodic polarization curves (Figs. 2 and 3) 
show no limiting current density for solutions without 
brighteners, and a limiting current density at a polarization of 
about 900 mV for solutions with brighteners. Table 4 provides 
the current density at overpotentials of 900 and 1600 mV.
Agitation decreased diffusion-layer thickness and 
increased the supply of zinc ions to the cathode surface. 
Thus, for a given potential, electrolytic resistance was
lowered and resulted in a higher current density (Table 4). 
Interestingly, for the solution with brighteners, the limiting 
current density for the ultrasonic bath was slightly lower than 
that for the magnetically stirred bath, although both were 
considerably above the values for the still bath.
Anodic polarization curves (Figs. 4 and 5) show that with 
increasing applied potential, current density increased to a 
maximum iamcai and a potential Ecm^ . At potentials above Eamcai 
current density fell to a steady value, ip«™. Ultrasonic agitation 
significantly increased all these values in comparison with 
magnetic stirring.
The zinc electrode appeared to show passivity. At the 
anode-electrode interface there was a high concentration of 
zinc ions that tended to inhibit further dissolution. Agitation 
assisted diffusion of ions away from the surface and reduced 
the concentration of zinc ion. This enabled further dissolution 
of metallic zinc and permitted an increase in anodic current 
density. Ultrasonic agitation increased ip*™ value for both 
solutions. This may be explained by the effect of cavitation 
tending to break down the passive film, permitting an increase 
in dissolution of zinc and raising the current density.
Surface Appearance—Deposit surfaces from the three 
baths without brighteners are shown in Fig. 6. Typical areas, 
away from the edges, were photographed at a thickness of 1 
/zm  and 10 /zm . Dendritic growth and powdery appearance of
Fig. 5—Anodic polarization curves for bath with 
brighteners.
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Fig. 6—Surface appearance of zinc deposits.
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Table 2 
Maximum Current Density
Bath Maximum current density, A /dm 2
Still 1.2 to 1.5
Stirred 6.0 to 6.5
Ultrasonic 12 to 16
Table 4
Data from Cathodic Polarization Curves
(Figs. 2 and 3)
Plain so lu tion
Solution with 
brighteners
Current density, A /d m 2, 
at polarization of:
L im iting  value o f 
current density, A /d m 2, 
at po larization of:
Bath 900 mV 1600 mV 900 mV
Still 0.027 6.7 3.2
Stirred 0.033 10.0 6.2
Ultrasonic 0.10 22.9 5.8
Table 3 
Throwing Power
Throw ing power, %
Plain Solution w ith
Bath Solution Brighteners
Still 78 67
Stirred 46 56
Ultrasonic 47 58
Table 5
Data from Anodic Polarization Curves 
(Figs. 4 and 5)
Solution w ith  
Plain so lu tion brighteners
Icrit Ecrit I pass Icrit Ecrit Icrit
Bath A / d m 2 V A / d m 2 A / d m 2 V A / d m
Still 6.0 0.28 0.74 2.75 0.22 0.06
Stirred 15.8 0.40 1.41 8.90 0.30 0.10
Ultrasonic 26.3 0.56 2.63 19.1 0.48 0.18
zinc deposited from the still bath are characteristic of 
deposition under conditions of diffusion control. Under these 
conditions the thickness of the diffusion layer at the cathode 
may be 2 to 5 cm and diffusion of zinc ions is limited to a small 
number of nucleation centers. Current is concentrated at 
these nucleation points and is much greater than at the 
surrounding substrate. Deposit growth normally takes the 
form of single crystals of dendritic shape oriented along 
preferred crystallographic directions.
Agitation can reduce diffusion-layer thickness to about 10 
yum, so the diffusion of ions to the electrode surface is easier 
and there are more nucleation sites. Growth occurs at more 
points and a smoother, more even deposit is produced, as 
shown in Fig. 6. Ultrasonic agitation results in a deposit with a 
much more regular and well-defined crystal structure than 
that formed with mechanical stirring. If ultrasonic agitation 
reduces the thickness of the diffusion layer to almost zero13 
zinc ions could diffuse to the surface very rapidly and be 
easily accommodated at the most favorable lattice points.
Surface appearance of the bright deposits is shown in Fig.
3. Agitation appears to have a detrimental effect on the
brightness of these deposits, with ultrasonic agitation 
producing a fairly dull surface. The mechanism of brightening 
agents is thought to be due to adsorption of the organic 
molecules onto micropeaks on the surface,17 encouraging 
deposition in recesses and producing a leveling effect. 
Agitation affects the diffusion layer and probably removes 
brightening agents from micropeaks on the substrate, thus 
inhibiting their efficiency.
Cross sections of deposits from the plain bath are shown in 
Fig. 7. Dendrites formed under static conditions are clearly 
visible as are areas of uncoated steel substrate. This type of 
deposit is of no use as a corrosion-protective coating, but may 
be useful for the production of powders.18
The deposit from the ultrasonic bath appears to be more 
porous than that from the stirred bath, although there appears 
to be little difference in crystallite size. Porosity in the zinc 
coating may be detrimental. The zinc is the anode, however, 
and the corrosion products may block pores and increase 
corrosion resistance and hardness.
Fig. 7—Cross sections of deposits from plain bath.
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Table 6 
Microhardness, Hv
Plain solution
Solution with 
brighteners
Still — 86 (11)*
Magnetically
stirred 68 (5) 104 (14)
Ultrasonic 51 (6) 136 (25)
'Standard deviation.
Microhardness—Table 6 shows that microhardness of the 
deposit produced from the plain bath with ultrasound is lower 
than that obtained with magnetic stirring due to the increase 
in porosity. Results for the solution with brighteners show that 
brightening agents considerably increased hardness. This 
may be due to the formation of the smaller grain size that was 
observed and the codeposition of foreign materials and/or an 
increase in internal stress. With the bright bath, ultrasound 
produced much harder zinc deposits, as occurs with a 
number of other metals,19 including zinc,12,20 although other 
researchers21-23 report a negligible effect. This increase may 
be due to work-hardening caused by cavitation, an effect 
described for electrodeposited copper.24
Stress and Orientation—X-ray diffractometer studies 
showed a significant change in line-broadening due to 
brightening agents. This may be due to the codeposition of 
brighteners, which increase the internal stress, and a 
reduction in grain size of the deposit. For a particular solution, 
however, the changes in line-broadening due to agitation are 
small and considered insignificant. No preferred orientation 
was observed during the X-ray back-reflection study.
Conclusions
Ultrasonic agitation during zinc electrodeposition from a 
plain zincate bath was beneficial because it increased current 
efficiency and maximum current density, thus allowing a 
higher deposition rate. Also it gave a smoother, more even 
deposit with a regular and well-defined crystallite structure, 
although porosity was increased. For the bath with 
brighteners, the surface was slightly rougher but 
microhardness was increased by ultrasound and the 
deposition rate was higher. For the plain and the bright bath, 
ultrasonic agitation gave a throwing power similar to that of 
the magnetically stirred bath and below that of the still bath.
The effect of ultrasound is not exactly the same as that of 
hydrosonic agitation. For the plain bath, hydrosonic agitation 
resulted in a harder, smoother and less-porous deposit with a 
crystalline structure that was finer than that obtained with 
ultrasound. Brightening agents increased the hardness 
considerably. Ultrasonic and hydrosonic agitation gave a 
further increase in hardness but resulted in a rougher 
appearance. In the plain and bright solutions, ultrasonic and 
hydrosonic agitation improved cathodic and anodic current 
efficiency to a similar extent. Polarization was reduced and a 
higher maximum current density could be used, with 
ultrasonic agitation much more effective.
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Introduction
The Hydroson cleaning sys­
tem was developed in 1973, and 
since 1976 it has been successfully  
employed for industrial cleaning 
applications. Further details about 
the system are given elsewhere1'3. 
The basis of the Hydroson system  
involves the circulation of a con­
tinuously filtered degreasing solu­
tion by means of a controlled, multi­
stage centrifugal pump. The solu­
tion passes from the pump through 
a manifold arrangement to the 
Hydroson generators, which convert 
velocity to acoustic energy and give 
a pulsed waveform in the emitted 
jet. The frequencies of waves pro­
duced extend from 5kHz up into the 
ultrasonic range and are thought2 
to result in cavitation in the solution 
which in turn produces a multi­
directional scouring effect on the 
surface of articles being cleaned. 
Continuous rapid circulation of the 
cleaning solution constantly re­
moves contaminant or soil and 
makes available fresh chemical to 
the newly exposed surface. Another 
advantage of the system is the 
emulsification of oil-based contami­
nants within the Hydroson genera­
tor and this minimises the oil sepa­
ration on the surface of the tank and 
prevents 'drag through' problems. 
Because more dilute cleaning solu­
tions can be used it is possible to 
make savings in chemical costs and 
effluent disposal. The Hydroson 
system is particularly beneficial be­
cause it is often possible to elimi­
nate some preliminary processes. 
Thus the use of a Hydroson system  
with an alkaline soaks cleaner may 
eliminate the use of vapour de­
greasing.
Fig. 1: An 80  litre Hydroson tank.
In this work, an attempt was 
made to quantitatively compare the 
cleaning efficiency of the Hydroson 
system with a still and stirred clean­
ing solution. The mode of action of 
cleaning in each case was exam­
ined. Several methods have been 
used for the determination of clean­
ing efficiency but no definitive 
method has been advised. Of these 
methods, visual inspection is the 
most widely used, but it was not 
sufficiently quantitative for our 
purposes. Other methods include 
gravimetric measurements, the use 
of radioactive tracers4, chemical 
methods using fluorescence and 
chemical dyes5 and detection of 
certain ions such as chloride ions in 
soldering flux residues by titration 
techniques. The soil remaining after 
cleaning may be estimated by light 
transmission densitometry6 if a 
transparent test piece is used.
Because a quantitative eva­
luation was required it was decided
to use a gravimetric technique and 
a modification of the light transmis­
sion densitometry method of Pohl- 
mann, Werden and Marziniak6. In 
addition to this, contact angle
measurements were taken of the 
cleaned specimens to determine 
the presence of residual contami­
nant. By comparing photographs 
taken of the specimens at various
cleaning times, possible mecha­
nisms involved in the processes 
were postulated. The cleaning effi­
ciencies of each tank were com­
pared using water, 1% (weight) 
and 5% solutions of a commercial 
medium duty alkali soak/spray
cleaner.
There are several mecha­
nisms invplved in cleaning with 
alkalis. The overall cleaning process 
of alkali cleaners has contributions 
from:
i) chemical reaction
ii) emulsification
iii) peptisation
iv) dissolution
A chemical reaction such as 
the alkali hydrolysis of fats to pro­
duce carboxylate salts (soaps) is of 
little importance in this work, be­
cause a hydrocarbon based conta­
minant was used. The emulsifica­
tion of oil contaminants to produce 
an oil in water emulsion is achieved  
by addition of surface active agents. 
It is probable that this effect is fur­
ther increased by the Hydroson sys­
tem. Peptisation is the maintenance 
of finely divided solid particles in 
suspension in the cleaning solution. 
If these solid particles are allowed 
to coagulate, they may be redeposi­
ted on to the surface of the cleaned  
article. A high contact angle on an 
apparently visually clean surface
may indicate the presence of coagu­
lated particles. Again the vigorous 
agitation produced by the Hydroson 
system would help prevent this 
action.
EXPERIMENTAL
A Hydroson tank of capacity 
80L was used with four jets facing 
the centre of the tank as shown in 
Fig. 1. Cleaning with the still and 
stirred* solutions was carried out in 
5L beakers. All cleaning efficiency 
determinations were made at 50 
±1°C on 8.3 x 10.8 cm glass 
plates, which were first degreased 
in trichloroethylene, washed in 
Teepol, thoroughly rinsed in dis­
tilled water and dried. The contami­
nant had to be opaque to obtain 
optical density measurements and 
to achieve this a solution containing 
paraffin wax (240 g/l) and lamp- 
back (63 g/l) was made in tri­
chloroethylene. This was sprayed 
on to one side of the glass plates 
from a standard Shandon laboratory 
spray gun to give a coating of 0.22g 
±0.044g per 100 cm2 after the 
specimens had been dried under a 
metallurgical specimen dryer for 5 
minutes to ensure complete evapo­
ration of the solvent. This solution 
was found to give a reproducible 
coating.
The coated plates were held 
in the solutions with a wide jaw 
beaker clamp for various lengths of 
time depending on speed of clean­
ing. For the still and stirred baths 
the cleaning efficiency was deter­
mined in water, 1% and 5% alkali 
cleaner for 3, 6, 12 and 24 minutes, 
and with the Hydroson tank for 1, 
2, 5 and 10 seconds. The glass 
plates were positioned at the focal 
point of the upper two jets in the 
Hydroson tank.
Three weights were re­
corded for gravimetric determina­
tions of the cleaning efficiency. 
These were the weight of the clean 
glass slide (Wo) ,  the glass slide and 
contaminant (Wi )  and the glass 
slide after cleaning (W*).
The cleaning efficiency was 
then calculated from the equation: 
Cleaning efficiency EK.av%
(W. - W O
-------------  x 100%
(W. -Wo)
The apparatus for the deter­
mination of the optical density con­
sisted of two 12 cm diameter con­
vex lenses of focal length 20 cms, 
a 6 volt light source, a photoelectric 
cell, and voltmeter (Figure 2). All
“Equivalent to a flow rate at the sur­
face of the specimen of 20 cm/sec.
20 cm 15 cm
Lamp
masking 
plate  
1st lens \ 2nd lens
glass specimen 
plate
Photoelectric
c e l l
Fig. 2. The apparatus for the determination of cleaning e ffic ie n c y  
by the op tica l method.
the measurements were made in a 
dark room to eliminate any external 
light contribution to the photocell 
voltage. The glass plates were held 
in a fixed position between the two 
lenses and the voltage was recorded 
corresponding to the intensity of 
light emerging through the whole 
area of the plate (89.6 cm2). Three 
readings were taken for each plate, 
the voltage for a clean plate (Vo), 
for the contaminated plate (Vi) and 
for the plate after cleaning (V2). 
The cleaning efficiency for this tech­
nique was calculated from the 
equation:
Cleaning efficiency E..„«%
(V, -V. )
-----------  x 100%
(Vo -V. )
The contact angle of the 
cleanest plate for each type of agi­
tation was determined using a 
liquid drop reflection goniometer7 
with distilled water as the liquid 
medium. Eight determinations were 
made on each plate and the mean 
and standard deviation were calcu­
lated.
The visual appearance of 
the glass plate after cleaning was 
recorded. This was done by taking 
contact prints directly from the 
glass plate on to photographic 
paper giving a reverse image print 
i.e. the clean areas appear as black 
and the residual dirty areas as 
white.
RESULTS AND DISCUSSION
The values of the cleaning 
efficiency determined by both the 
gravimetric and optical techniaues 
are given in Table 1. The distribu­
tion of cleaning is given by the 
series of photographs in Figure 3. 
The main feature of these results is 
that the cleaning time required to 
obtain a particular level of cleaning 
efficiency is greatly reduced by
Hydroson agitation. For example an 
efficiency (E.>,„) of 22% takes 24 
minutes in the still 1% alkali 
cleaner solution, about 6-7 minutes 
in the magnetically stirred solution, 
and only 1-2 seconds in the Hydro­
son agitated solution.
It is interesting to note that 
the results produced by the gravi­
metric and optical method have 
given different values for the clean­
ing efficiency. This is not surprising, 
however, because of the mecha­
nisms involved. The efficiency given 
by the gravimetric method is in 
most cases lower than that by the 
optical method. One reason for this 
is that when the contaminant is re­
moved from one area of the surface 
and coagulates with contaminant 
from an adjoining area there is no 
weight change but there is a differ­
ence in the optical value. Thus the 
optical determination of cleaning 
efficiency indicates the distribution 
of the cleaned areas rather than the 
net amount of contaminant re­
moved, which is given by the gravi­
metric technique. The values of 
EKrav and E»Pi are closer when Hydro­
son agitation or a higher concentra­
tion of alkali is used. This may be 
explained by the fact that the 
powerful scouring action due to 
Hydroson agitation probably re­
moves the contaminant rapidly from 
the surface and the dispersing effect 
of sound waves prevents coagula­
tion. Coagulation can occur, how­
ever, when there is less agitation 
taking place. Similarly, an increase 
in the alkali concentration improves 
the wettability and surface tension 
of the solution (Table 2) which in 
turn assists dispersion and emulsi­
fication so decreases the tendency 
for the contaminant to coagulate. 
The role of the alkali in the cleaning 
water is important. When water was 
used as the cleaning solution, areas 
were only partially cleaned and left
TABLE 1 . CLEANING EFFICIENCIES 4 
STILL SOLUTION
WATER 14 ALKALI CLEANER 54 ALKALI CLEANEI-
Egrav
E
opt Eg ra v E . op t Egrav Eopt
180s (3min) 2 0 .5 2 1 2 i
360s (6 min) 3 2 4 2 3 3
720s (12 min) 6 7 6 6 7 9
1440s (24 min) 9 13 10 22 8 18
STIRRED SOLUTION 
WATER 14 ALKALI CLEANER 54 ALKALI CLEANER
Egrav Eopt E E „ g ra v  opt Egrav Ropt
180s (3 min) 2 7 0 .5  8 2 8
360s (6 min) 5 21 9 19 13 21
720s (12 min) 5 26 14 35 18 34
1440s (24 min) 9 28
HYDROSON
24 40 
AGITATED SOLUTION
50 64
WATER 14 ALKALI CLEANER 54 ALKALI CL
Egrav E . opt E F. . g rav  opt Egrav E *opt
Is 2 3' 2 2 7 4
2s 12 20 19 28 29 54
5s 25 35 43 44 54 74
10s 54 18 73 96 91 94
with residual contaminant. This is 
shown photographically in Figure 3 
in which this residual contaminant 
forms in a crazed pattern for the 
still solution after 24 minutes. The 
addition of alkali to this bath is 
beneficial because it assists in the 
removal of the residual contaminant 
(in the final stages of cleaning) and 
leaves a much cleaner surface e.g. 
compare the still water for 24 
minutes with and without 1% alkali 
cleaner. A major contribution to this 
improvement may be the reduction 
of surface tension of the solution 
by the alkali cleaner (Table 2) thus 
increasing its wettability.
As expected in all solutions 
there was a steady increase in 
cleaning efficiency with time. In the 
still solution little difference was 
observed in the relatively low 
values of the cleaning efficiency of 
water, 1% and 5% alkali cleaner. In 
the stirred bath, there was an in­
crease in cleaning efficiency with 
the introduction of 1% alkali 
cleaner, but no advantage in raising 
the concentration to 5% unless a 
long immersion time was used. It is 
interesting to note that the surface 
tension was the same for the 1% 
and 5% alkali solutions (Table 2). 
With Hydroson agitation raising the
alkali concentration from 1% to 5% 
did give a significant increase in 
cleaning efficiency so it may be that 
the alkali helps in the dispersion 
effect.
The photographs in Figure 
3, give an indication of the mecha­
nism of cleaning. In the still and 
stirred baths it appears that under­
mining of the contaminant occurs 
around the edges of the glass slide 
where the adhesion is weakest, this 
removal gradually works from the 
edge towards the centre of the 
plate. In the Hydroson agitated 
solution, however, the cleaning 
appears to initiate near the centre 
of the plate, close to the focal point 
of the two Hydroson jets. Cleaning 
then continues in a radial pattern 
away from the centre. In many 
cases, the contaminant at the focal 
point itself is not removed imme­
diately. Hence it appears that the 
scouring action produced by the 
flow of solution parallel to the sur­
face of the glass plate is r^ore effec­
tive for cleaning than the perpendi­
cular flow which occurs at the point 
of impact of the jets. The degree of 
cleanliness produced was deter­
mined by the contact angle on an 
area from which the contaminant 
had been removed . It is interesting 
to note that the form of agitation 
had virtually no effect on the con­
tact angle as can be seen in Table 3.
Conclusions
The Hydroson system de­
creases cleaning times by an order 
of up to 500 compared with a mag­
netically stirred solution. The effect 
of increased alkali concentration is 
small but significant. Raising the 
concentration of alkali cleaner also 
increases the final degree of cleanli­
ness of the glass plate, as given by 
the contact angle. Hence the degree 
of agitation controls the kinetics of 
the process and the use of alkali,
the final cleanliness. Thus the ideal
conditions are Hydroson agitation 
with an alkali cleaner.
Table 2. Surface Tension of Water 
and Glass
Surface Tension (x10 Nm ')
Water 7.1
1% Alkali cleaner 4.2
5% Alkali cleaner 4.2
Table 3. Contact angle (of distilled 
water)
Cleaning solution
Water 1 % Alkali 5% Alkali
Still 44° ±1 21 ° ±  1 19°±1
Stirred 43° 22° 20°
Hydroson 44° 21° 18°
A pretreated glass slide gave a con­
tact angle of 15° ±  1.
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Recovery of zinc powder by electrodeposition 
from dilute zincate solutions
Robert Walker and N S Holt
Dept of Metallurgy and Materials Technology, University of Surrey, Guildford, Surrey GU2 4XH, UK
It is an attractive idea to be able to recover metals from  
effluents. Apart from the value o f  the reclaimed metal it may 
be possible to reuse the remaining acidic or alkaline liquid in 
pickling systems or for topping up plating baths. If the 
effluent is not treated it may be dumped, which is expensive, 
or disposed via the public sewers, a process subject to very 
strict legal concentration limits and thus costly. Zinc presents 
an additional problem because it is toxic and harmful to 
fish and other aquatic life and contaminates sewage, so 
making the treatment more difficult. The case for ‘in-house’ 
processing is further strengthened by the possibility o f re­
cycling the water used and reducing total consumption which 
can be a significant proportion o f  the total operating cost o f  
various process, fabrication and finishing plants. The 
ecological and econom ic reasons for reducing the metal 
[Content o f  waste water from plating plants have been dis- 
lcussed by Spanier.1
One problem with effluents is that they often contain  
dilute amounts o f  metals, less than Ig/litre, so that som e form  
o f  concentration is necessary to make the recovery pro­
cedure econom ical. If more than one metal is present it 
may be advantageous to separate the metals. Processing may 
lead to the recovery o f  metal, oxide or salt although the 
metallic form is probably preferable.
When the effluent is suitable for treatment by m ore than one 
method o f  recovery, the choice m ay depend upon several 
factors, including the capital, chemical and maintenance costs, 
space and labour requirements, reliability and the value o f  
the end products. Possible m ethods o f  effluent treatment 
include direct drag-out recovery, evaporative distillation and 
crystallisation, chemical precipitation, flotation, ion-exchange, 
adsorption, reverse osm osis, electrodialysis, liquid-liquid  
solvent extraction, freeze drying, waste-plus-waste (neutral­
isation o f  acidic solutions with alkaline cyanides) and
electrolytic recovery. The treatment o f waste waters has been 
reviewed by Skovronek and Stinson2 while Steward and 
Lancy3 have discussed the recovery o f metals.
Electrolytic recovery is very attractive as the value o f  the 
metal recovered is usually higher than that o f crystallised 
salts or sludges. The metal may be plated as a foil or powder 
on a continuously m oving cathode. The production o f iron 
foil by electrodeposition from waste pickling solutions has 
been shown to be econom ical and iron powder can also be 
produced.4 The electrodeposition o f  m etallic5 and alloy6 
powders has been covered elsewhere.
The recovery o f zinc from wastes in the form o f metal, 
oxide or sulphate has been described by Roy and Sardesai,7 
and as a precipitate by Gnusin et a/.8 Zinc has been obtained 
from acid wash waters by ion-exchange and electrolysis 
(‘catiolysis’) and from zinc cyanide solutions by ionolysis.9 
Work has been carried out on spent hydrochloric acids and 
zinc chloride has been recovered by a neutralisation process 
with am m onia10 and by a spray roasting process which also 
regenerated the acid.11 Zinc has been produced as a sheet-like 
deposit by a suspension electrolysis method from galvanisers’ 
ash and as a powder from smelters’ ash.12
One problem that arises with electrodeposition from dilute 
electrolytes is the high electrolytic resistance and the con­
siderable concentration polarisation at the surface o f the 
cathode. This may be overcome by the design o f  special 
systems including the use o f a whirling bed o f particles as 
the cathode,13 fluidised bed electrolysis14-15 or rotating 
cylindrical cathodes.16 A recent review o f novel electrode 
systems for dilute metal bearing liquors has appeared,17 
together with descriptions o f the Eco-cell process,18 ‘Swiss- 
roll’ electrolysis cell19 and fluidised bed electrolytes.20 The
Fig 1 Surface appearance of deposited zinc
1 A /d m 2 2 .5 A /d m 2
continuous deposition o f metal powders using an electro­
chemical pump cell has been described by Jansson and Ash­
worth21 and copper, tin, bronze and zinc22 powders were 
formed. A  system23 has also been patented in which zinc 
was recovered from alkaline zincate solutions by flowing the 
electrolyte along an insulated tube and depositing the zinc 
as dendrites. The current was then reversed and the pure 
zinc dissolved, leaving behind the metallic impurities.
An alternative technique to cell design is to use intense 
agitation. This increases the ionic m obility and reduces the 
thickness o f the diffusion layer at the surface o f the cathode. 
This paper examines the influence o f  two forms o f agitation  
produced by a Hydroson tank and by ultrasound. The 
Hydroson system has been widely used for cleaning surfaces 
prior to coating24 and for agitating a zincate plating 
solution.25
The Hydroson system involves the continuous circulation 
o f the electrolyte by a multistage centrifugal pump with the 
solution entering the tank via special generators which con­
vert velocity to acoustic energy and give a pulsed waveform to 
the emitted jet. The use o f ultrasound in electrodeposition has 
been covered elsewhere.26
Experimental
An old dilute zincate plating solution was used containing 
about 0.6g/litre zinc oxide. The bath temperature was 
maintained at 2 0 + l° C . Four different systems were used 
including a static solution as a standard, a solution that was 
magnetically stirred to give a flow rate o f about 20cm/s at 
the surface o f the cathode, an ultrasonically agitated solution  
and one that was subjected to H ydroson action.
The zinc was deposited onto steel cathodes and the current 
was adjusted to give cathodic current densities o f  1, 2.5, 5, 
10 and 20A/dm 2. The time was adjusted so that a fixed
5 A /d m 2 1 0 A /d m 2 2 0 A /d m 2
Stirred
Hydroson
25pm
Ultrasonic
the experiment. The surface o f the deposits was photo­
graphed. The cathodic current efficiency was determined by 
weighing the electrodes before and after passing a given 
quantity o f  electricity through the cells which were joined in 
series to a copper coulometer. Cathodic polarisation curves 
were produced for the four different systems.
Results and discussion
The surface appearance o f  the deposited zinc is shown in 
Fig 1. Very little deposit was formed at a current density o f  
20A/dm 2 with the still and 'stirred baths so these are not 
shown. As the quantity o f electricity was fixed and the amount 
o f zinc deposited is very different the cathodic current 
efficiency must have changed considerably with agitation  
and current density. For a particular bath the current density 
considerably affects the shape and distribution o f  the zinc 
deposit. The m orphology o f  the deposit is also markedly 
affected by the form o f  agitation. Thus, it should be possible 
to produce zinc powder o f  a particular shape and size by 
carefully controlling these plating parameters.
The cathode may be designed so that it is a continuously  
moving band o f  steel partially immersed in the electrode. It 
would then be possible to remove the powder deposited on 
the cathode when it is outside the bath. This would main­
tain a constant area o f cathode to be exposed to the elec­
trolyte, so maintaining a steady value for the current density.
The cathodic current efficiency values are given in Table 1. 
The percentage value represents the fraction o f  the electricity 
that was used to deposit zinc, the remaining current was used 
for alternative reactions such as the production o f  hydrogen. 
As expected, the efficiency decreased as the current density 
increased. The lowest values were always obtained from the 
still bath and the highest values with the Hydroson and 
ultrasonic baths.
The potential-current density (polarisation) curves for the 
cathodic reactions are shown in Fig 2. As expected agitation 
reduces the polarisation and permits the use o f  h igher current 
densities.
The results reported here indicate that it is much more 
economical to use a low current density and violent agitation  
to produce zinc powder than a higher current density which 
consumes more electricity but is much less econom ical. Thus 
a current density o f  lA /d m 2 with H ydroson or ultra­
sonic action gives more deposited zinc than obtained with 
these baths and 25A /dm 2 and much less electricity is used. 
The choice between Hydroson and ultrasonic action may well 
depend upon the difference in shape and size o f  the zinc 
powder produced.
Conclusion
Hydroson or ultrasonic agitation provides a suitable method 
for producing zinc powder from a dilute; zincate solution. 
When the zinc has been deposited from the electrolyte the 
solution may well be suitable for use in a pickling bath or in a 
plating tank so this recycling technique saves chemicals and 
the cost o f  effluent disposal.
Table 1 Cathodic current efficiency
Agitation o f Current efficiency (%,) @
solution lA /dm 2 2A/dm2 5A/dm2 15A/dm 2 25A/dm 2
Still 6.4 2.9 1.8 0.3 0.1
Stirred 8.7 3.8 2.6 0 .8 0.2
Hydroson 29.4 12.8 6.1 2 .0 0.7
Ultrasonic 22.6 12.5 9.6 1.3 0.9
600
. . . .  still
— —  stirred 
—— Hydroson
—  ultrasonic
500
400
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Fig 2 Polarisation curves
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INTRODUCTION
This work is a continuation 
of work described in an earlier 
paper on the use of the Hydroson 
system for cleaning1. Ultrasonic 
cleaning is faster than any conven­
tional cleaning method in the re­
moval of soil and contamination 
from parts according to Geckle2. In 
many cases it is the only way to 
meet the required specification. 
Because of recent improvements in 
the design and reliability of equip­
ment it is now widely used for in­
dustrial, laboratory and mainten­
ance cleaning. It has the added 
advantage that entire articles can 
often be cleaned without the need 
for them to be taken apart.
Lange3 discussed the advan­
tages of ultrasonic cleaning includ­
ing the:
(i) Reduction in labour cost by 
eliminating dis-assembly 
and hand scrubbing.
(ii) Elimination of hazardous 
conditions by using mild 
cleaning solutions.
(iii) Improvement in the quality 
of work by removal of con­
tamination that previously 
could not be removed by 
other methods, i.e. con­
tamination in blind holes. 
Many articles have been
published dealing with the basic 
principles of ultrasonic cleaning 
and equipment, including the design  
of the tank, type and position of 
the transducers4'12, and choice of 
cleaning solvents11, ,3"15. Compara­
tively little attention has been given, 
however, to the quantitative a ss­
essm ent of cleaning efficiency. 
Bulat16 used radioactive oil, buffing 
compound and metal chips on a 
variety-of articles and measured the 
amount of radiation emitted before 
and after cleaning. He found 14% 
of the contaminant was removed by
pressure washing with a detergent 
solution,- 30% by mechanical agita­
tion for 10 minutes in a petroleum 
solvent, 35% by vapour degreasing 
with trichloroethylene, 92% by wire 
brushing in a detergent solution  
and 99.5-100%  by ultrasonic agita­
tion in a detergent solution. Voss 
and Korpi17 contaminated steel and 
aluminium surfaces with radio- 
actively labelled di (2-ethyl hexyl) 
sebacate (DOS). They found that 
for removal of bulk DOS leaving 
only a monolayer, ultrasound clean­
ing in perchloroethylene was more 
efficient than either vapour degreas­
ing, cathode cleaning in 5% sodium  
bicarbonate or magnetic stirring in 
alkali detergent. Maximum clean­
liness as measured by the ability to 
remove the monolayer was obtained 
by detergent and cathodic cleaning. 
Romero and Stern18 also used a 
radioactive tracer technique with 
carbon 14 labelled stearic acid to 
assess the effect of cleaning time, 
power and frequency on the effici­
ency of cleaning. Crawford19 has 
shown that the degree of cavitation 
erosion produced by an ultrasonic 
tank is a- measure of the cleaning 
efficiency so the rate of perforation 
of aluminium foil d iscs has been 
measured by a photometric tech­
nique to determine the extent of 
cavitation erosion.
Pohlman, Werden and 
Marziniak21' also used an optical 
technique to assess the dependence 
of ultrasonic cleaning efficiency on 
the energy density, time of action, 
temperature and modulation of the 
sonic field. They employed a simple 
photometer to measure the amount 
of black indian ink removed from 
a glass plate. Other methods for 
evaluation of sonic cleaning have 
been discussed by Bulat11 and 
Neppiras21.
The increase in cleaning 
efficiency by ultrasonic agitation is
due to caviation which occurs when 
minute air bubbles in the solution 
undergo cyclic expansion and con­
traction due to the ultrasonic field. 
These bubbles grow during the 
rarefraction phase of the ultrasonic 
wave; above the cavitation threshold 
intensity, (which depends on 
frequency, temperature and visco­
sity) the bubbles collapse on the 
following com pressive half cycle 
and produce powerful shock waves. 
The pressure in the bubbles prior 
to collapse has been measured and 
found to be in excess of 1000 at­
mospheres11.
There are three . important 
mechanisms for the removal of in­
soluble impurities. The first is an 
erosive action due to cavitation 
which is necessary for removal of 
chemically bonded solids such as 
oxide and scale. The second is a 
less vigorous mechanism caused  
by the action of oscillating perman­
ent bubbles which penetrate 
between the soil and the surface 
and cause a stripping action. It is 
thought that cavitation is probably 
not essential for stripping off the 
impurity layer but that it does not 
occur unless cavitation has opened 
up minute cracks in the soil to 
allow initial penetration of the 
bubbles. A third mechanism is the 
dispersion of soils attached to the 
surface and the result of this is 
considerably increased by cavita­
tion. Another well known advantage 
of ultrasonic agitation is the in­
crease in the rate of dissolution of 
contaminant by the solvent. The 
agitation also provides a fresh 
supply of solvent to the contamina­
ted surface by a process known as 
microstreaming and penetration of 
the solvent into holes and cracks 
in the impurity layer. The choice of 
solvent is very important and has 
been reviewed by a number of 
authors7,1,_1*.
In this work 
medium duty alkali 
was used to remove 
based contaminant, 
rate of ultrasonic
a commercial 
soak cleaner 
a hydrocarbon 
The cleaning 
agitation was
quantitatively compared with 
magnetic stirring producing a flow 
rate of 20 cm s '1 and cleaning under 
static conditions.
The mechanisms involved 
in the overall cleaning process of 
alkali cleaners were discussed in 
our previous publication’.
These are:—
(i) Chemical reaction
(ii) Emulsification
(iii) Peptisation
(iv) Dissolution.
Chemical reaction normally 
refers to the alkali hydrolysis of 
fats to produce carboxylate salts 
(soaps). Ultrasonic agitation may 
have an effect, on the rate of such 
reactions but, because hydrocarbon- 
based contaminants were used in 
this work, these reactions do not 
occur. The emulsification of 011- 
based contaminants, to produce an 
oil in water emulsion is achieved  
by addition of surface active agents 
and the dispersion effect of ultra­
sound would again be expected to 
increase this. It would also accen­
tuate the peptisation process, which 
is the maintenance of finely divided 
solid particles in suspension which 
may otherwise coagulate and be 
redeposited on the surface of the 
clean article. The dissolution rate 
of an organic-based oil should also  
be increased by ultrasonic agitation.
A gravimetric technique and 
a modification of the light transmis­
sion densitometry method of 
Pohlman et al2(l were used to assess  
the cleaning efficiency. In addition 
to this, contact angle measurements 
were taken on the cleaned specimen
to determine the presence of small 
traces of residual contaminant. The 
ability of a cleaning process in re­
moving these, last traces of con­
taminant is very important, especial­
ly in the pretreatment of surfaces 
prior to other finishing processes 
such as electroplating.
12-5 c
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Fig. 1: The ultrasonic tank
EXPERIMENTAL
The experimental procedure 
is similar to that described in the 
previous work published in this 
journal1. An ultrasonic tank was 
used as shown in Fig. 1, giving a 
frequency of 13.5 KHz and an in­
tensity of 250 W /m \ Cleaning with 
the still and stirred solutions was 
carried out in 5 L beakers. All clean­
ing efficiency determinations were 
made at 50±1°C on 8.3 x 10.8 cm 
glass plates, which were first 
degreased in trichloroethylene,
washed in Teepol, thoroughly rins­
ed in distilled water and dried. The 
contaminant had to be opaque to 
obtain optical density measurements 
and to achieve this a solution con­
taining paraffin wax (240 g /1 )  and 
lampback (63 g /1 )  was made in 
trichloroethylene. This was sprayed 
on to one side of the glass plates 
from a standard Shandon laboratory 
spray gun to give a coating of
0.22 g ± 0 .0 4 4  g per 100 cm 2 after 
the specimens had been dried under 
a metallurgical specimen dryer for 
5 minutes to ensure complete 
evaporation of the solvent. The 
technique was found to give a re1 
producible coating.
The coated plates were held 
in the solutions with a wide jaw 
beaker clamp for various lengths 
of time depending on speed of 
cleaning. For the still and stirred 
baths the cleaning efficiency was 
determined in water, 1% and 5% 
alkali cleaner for 3, 6, 12, and 24  
minutes, and with the ultrasonic 
tank for 0.5, 1, 2, and 5 seconds. 
The glass plates were positioned  
vertically 3 cm above one of the 
transducer probes.
Three weights were record­
ed for gravimetric determinations 
of the cleaning efficiency. These 
were the weight of the clean glass 
slide (Wo) ,  the glass slide and con­
taminant (Wi )  and the glass slide 
after cleaning (Ws ) .
The cleaning efficency was 
then calculated from the equation:
Cleaning efficiency E^v% =  
( W i - W 0
— -----------  x 100%
( W i - W o )
The apparatus for the deter­
mination of the optical density
m b *
Complete Automatic 
Powder Coating&Curing Installation
5. M inim ises uncleanliness
Patent Applied For.
Drury Powder Plant Ltd. The dean one.
Charles Henry Street, Birmingham B12 0SJ Telephone: 0 2 1 -6 2 2  4 1 4 7
consisted of two 12 cm diameter 
convex lenses of focal length 20  
cms, a 6 volt light source, a photo­
electric cell, a voltmeter (Figure 2). 
All the measurements were made 
in a dark room to eliminate any 
external light contributions to' the
Fig. 2.
photocell voltage. The glass plates 
were held in a fixed position be­
tween the two lenses and the volt­
age was recorded corresponding to 
the intensity of light emerging 
through the whole area of the 
coated plate. Three readings were 
taken for each plate, the voltage 
for a clean plate (Vo),  for the con­
taminated plate (Vi)  and for the 
plate after cleaning (V2). The clean­
ing efficiency for this technique 
was calculated from the equation:—  
Cleaning efficiency. E»Pt% =
( V * - V i )
----------------x 100%
( V 0 - V 1 )
The contact angle of the 
cleanest plate for each type of 
agitation was determined using a 
liquid drop reflection goniometer22 
with distilled water as the liquid 
medium. Eight determinations were 
made on each plate and the mean 
and standard deviation were calcu­
lated.
The visual appearance of the 
glass plate after cleaning was re­
corded. This was done by taking 
contact prints directly from the 
glass plate on to photographic 
paper giving a reverse image print,
i.e. the clean areas appear as black 
and the residual dirty areas as 
white.
RESULTS AND DISCUSSION
Table 1 gives the values of 
the cleaning efficiency as deter­
mined by both the gravimetric and 
the optical techniques. The distribu­
tion of the areas cleaned is shown 
by the series of photographs in 
Fig. 3.
The results indicate the 
considerable improvement in clean­
ing efficiency in the ultrasonic tank 
compared with the magnetically 
stirred and still solution. Thus in 
1% alkali cleaner only 10% of the 
contaminant was removed (Eg™)
TA BL E 1 . CLEAI' '  
Still
Water 
E g ™  E « p t
180s (3 min.)   2 0.5
360s (6 min.)   3 2
720s (12 min.) . ..  6 7
1440s (24 min.) . ..  9 13
Water
E g r a v  E o p t
180s (3 min.) . . . .  2 7
360s (6 min.) _ 5 21
720s (12 min.) . . .  5 26
1440s (24 min.) . . .  9 28
U ltrason ica lly
Water
E g r a v  E o p t
0 . 5 s   2 11
1 s   3 72
2 s   3 81
5 s   8 93
after 24 minutes under static condi­
tions, 24% was removed a fter .24  
minutes at a flow rate of 20 c m /s  
produced by magnetic stirring, but 
11%  was removed after only 5 
seconds in the ultrasonic tank.
An interesting observation 
is that the value of cleaning effici­
ency given by the optical method 
(Eopt) is usually considerably higher 
than that given by the gravimetric 
method (Egrav). The difference be­
tween the two values in particularly 
large for ultrasonic agitation using 
water as a cleaning medium. The 
addition of alkali cleaner consider­
ably reduces this difference. The 
reason for this variation is values 
of Egrav and EoPt appears to be due 
to the contaminant being displaced  
from one area of the surface and 
coagulating with contaminant from 
an adjoining area. Hence there is 
little weight change although a con­
siderable area of surface may 
appear clean. In the ultrasonic tank 
the powerful shock waves produced 
by cavitation allow the soil to be 
rapidly displaced. The flow of solu­
tion due to microstreaming, which 
provides a supply of fresh solution 
to the interface is insufficient to 
carry the displaced contaminant 
away from the surfaces. If water is 
used as a cleaning medium, the 
displaced contaminant coagulates 
into globules with diameters of 1-5
E F F IC IE N C IE S  %
1% Alkali 5% Alkali
Cleaner Cleaner
E g r a v  E o p t C g r a v  E o p t
2 1 2 1
4 2 3 3
6 6 7 9
10 22 8 18
Solution
1% Alkali 5% Alkali
Cleaner . Cleaner
E g r a v  E o p t E g r a v  E o p t
0 .5  8 2 8
9 19 13 • 21
14 35 18 34
24 40 50 64
igitated Solution
1% Alkali 5% Alkali
Cleaner Cleaner
E g r a v  E o p t E g r a v  E o p t
1 18- 2 48
23 58 31 71
55 76 64 78
77 90 90 93
mm and these collect on the glass 
plate at the antinodes of a standing 
wave formed in the ultrasonic tank, 
Fig. 3a. The addition of an alkali 
cleaner reduces the tendency of 
the soil to coagulate by reducing 
the surface tension (Table 2) and 
increasing the wettability which 
assists dispersion and emulsifica­
tion processes. Increasing the con­
centration of alkali cleaner from 1% 
to 5% has comparatively little effect 
on the cleaning efficiency and 
virtually no effect on the surface 
tension.
The alkali cleaner is also  
important because it assists in the 
removal of residual contaminant in 
the final stages of cleaning. After 
24 minutes in still water the area 
cleaned in the top left hand corner 
o* the glass plate (Fig. 3a) show s 
the presence of residual contamin­
ant which forms a crazed pattern. 
The dispersing and emulsifying 
effect of the alkali cleaner removes 
this residual contaminant as shown  
in Fig. 3b and 3c.
The mechanism of cleaning 
for the still and stirred solution was 
discussed in our previous work1. It 
appears due to undermining of the 
contaminant around the edges of 
the glass plate where the adhesion  
is weakest. The removal of the soil 
then continues towards the centre 
of the plate. In the ultrasonic tank
S T I R R E D  U L T R A S O N I C
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Figure 3 ( c )
fa c to r  o f  up to 1 5 0 0  co m p a re d  w i th  
a m a g n e t ic a l ly  s t i r re d  s o lu t io n  g iv ­
ing a f lo w  rate o f  20  c m / s .  The 
use of w a te r  as a c le a n in g  m e d iu m  
is not su ff ic ien t fo r  the rem ova l o f  
o rgan ic -based  co n ta m in a n ts  and the 
a d d i t io n  o f an a lk a l i  c leaner or the 
use o f an o rgan ic  so lv e n t  is neces­
sary. As w e l l  as a ss is t ing  in the  
d ispe rs ion  or e m u ls i f ic a t io n  o f  so i l  
f r o m  the sur face , th e  a lka l i  c leaner 
also de te rm ines  the  fina l degree o f  
c lean l iness  as d e te rm in e d  by the 
co n ta c t  ang le. O n ly  a lo w  concen  
t ra t ion  o f  a lka l i  c leane r  is requ ired , 
how ever ,  and inc reas ing  the c o n ­
cen tra t ion  f ro m  1% to  5%  g ives a 
c o m p a ra t iv e ly  sm a l l  im p ro v e m e n t  
in c lean ing  t im e .
C om par ing  the  resu lts  in 
th is  w o rk  w i th  p rev ious  w o r k 1, i t  
appears th a t  unde r the c o n d i t io n s  
used the c le a n in g  e ff ic iency  o f
Complete Automatic 
Powder Coating &Curing Installation
6. MAXIMISES component coverage
Patent Applied For
Drury Powder Plant Ltd. The clean one.
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Figure 3 ( a )
TABLE 2 .  SURFACE TENSION
Surface  T ens ion  (X 1 0  2 NrT')
W ater ........................................................ 7.1
1% Alkali Cleaner ............................  4 .2
5% Alkali Cleaner ............................. 4 .2
TABLE 3. CONTACT ANGLE 
(o f  d ist i l led  water)
Cleaning Solution
Water 1% Alkali 5% Alkali 
Still 4 4 ° ±  1 2 1 ° ± 1  19° ±  1
Stirred 4 3 °  2 2 °  2 0 °
Ultrasonic 4 2 °  2 0 °  18°
A pretreated g la ss  s l id e  gave a con tact  
an g le  of  1 5 ° ± 1 .
c lean ing  occu rred  in i t ia l ly  at the 
edge nearest to the  t ra n sd u ce r  
probe and con t inues  across the 
p la te  to the  oppos ite  edge, Fig. 3b 
and c, excep t in w a te r  Fig. 3a 
w he re  the surface  was exposed  
p r im a r i ly  at the node o f a s tand ing
Figure 3 ( b )
w ave  p roduced  in the  tank. The 
c lean ing  rate is p robab ly  dependen t 
on the in te n s i ty  o f ca v i ta t io n  and 
on the d is tance  f ro m  the su rface  of 
the t ransduce r probe.
The fina l degree o f c lean ­
l iness p roduced  was d e te rm in ed  by 
the c o n ta c t  ang le  m easured  on an 
area f ro m  w h ic h  the c o n ta m in a n t  
had been re m o v e d " .  U lt ra so n ic  
a g i ta t io n  had l i t t le  e f fec t on the 
f ina l degree o f c lean l iness  c o m ­
pared w i th  s t i l l  and m a g n e t ic a l ly  
s t i r red  c lean ing , and the im p o r ta n t  
fa c to r  w as the presence o f the 
a lka l i  c leaners  (Tab le  3 ) .  The in ­
crease in co n ce n tra t io n  o f a lka l i  
had l i t t le  e ffec t on the c o n ta c t  ang le  
or the su rface  tens ion  (Tab le  2 ) .
C O N C L U S I O N S
U lt ra so n ic  a g i ta t io n  can 
decrease the c lean ing  t im e  by a
ultrasound is slightly better than 
Hydroson but both offer, a very 
significant improvement on mecha­
nical stirring. The cleaning of 
irregular shapes such as tapped 
holes, however, should be easier by 
ultrasonic cleaning because the 
energy involved can penetrate and 
produce cavitation within the holes.
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Pyrene Adds Two Advanced Metal 
Surface Treatments to Energy- 
Saving Range
Continuing its pioneering 
development of energy-saving pre­
treatments for the metal finishing 
industries, Pyrene Chemical Ser­
vices Limited has added two new 
spray processes to its low tempera­
ture range. Pyroclean 599 is a liquid 
alkaline cleaner which lends itself 
to automatic dosing control and 
Bonderite 399 is a nitrite-free zinc 
phosphate process for multi-metal 
applications.
As with all Pyrene low 
temperature systems,, these two new 
processes operate at only 25°C to 
35°C, thus offering substantial 
energy, cost-savings compared with 
the conventional pretreatment 
chem icals at 50°C to 60°C.
Pyroclean 599 has the basic 
operating ' advantages- of the well-
established Pyroclean 499 spray 
alkaline cleaner, which has been 
installed as the cleaner stage for 
numerous Bonderite low tempera­
ture spray zinc phosphating plants 
since its introduction four years ago. 
But whereas Pyroclean 499 is sup­
plied in powder form and is added 
manually to water for solution make­
up and replenishment, liquid Pyro­
clean 599 has the highly significant 
advantage that it can be dosed auto­
matically by means of the Pyrene 
Autobond GP controller. Frequent, 
small additions of cleaner, dosed  
automatically, ensures optimum per­
formance at all times and avoids 
chemical wastage.
Bonderite 399 is the third 
generation of Pyrene low tempera­
ture spray zinc phosphate processes: 
previously Bonderite 299 extended  
the high performance of Bonderite 
199 from steel phosphating to multi­
metal applications and further 
improved both paint adhesion and 
corrosion resistance. Bonderite 399  
has similar operating characteristics 
and improved performance over 
Bonderite 299 but is faster acting, 
thus permitting shorter processing  
times.
Being chlorate-based, Bon­
derite 399 has a very stable accele­
rator system . It produces coating 
weights of about 1.6 g /m J and is 
an ideal pretreatment for use under 
both anodic and cathodic electro­
paint. It also exhibits very good  
resistance to inplant staining.
Further details of Pyroclean 
599 and Bonderite 399 can be 
obtained from: Pyrene Chemical
Services Ltd., Chris Sanders, 
Marketing Services Officer, at the 
Company head office, Ridgeway, 
Iver, Bucks SLO 9JJ. Tel: 0753- 
651812.
